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A mensuração da diversidade microbiana é um dos maiores desafios do campo 
microbiológico, principalmente por problemas metodológicos. Com o avanço de novas 
metodologias foi possível observar que a diversidade de microrganismos era maior do 
que se pensava, assim, possibilitando o estudo desse conjunto de microrganismos. O 
estudo dos genomas de diversos microrganismos contidos em um dado ambiente é 
denominado de metagenômica. A metagenômica pode ser utilizada para o estudo de 
diversos tipos de ambientes, como solo, ar, corpo humano, intestino de cupim, entre 
outros. Dentro dos ambientes estudados pela metagenômica, o ambiente aquático vem 
sendo alvo de diversos estudos. Apesar de apresentar diversos estudos descrevendo 
diferentes profundidades e até mesmo diferentes hábitats (esponja, corais por exemplo), 
ainda existem inúmeros hábitats no ambiente marinho que ainda não possuem estudos 
focados sobre a microbiota. Diferente do ambiente marinho, trabalhos focados na 
descrição da microbiota de água doce são escassos. Além disso, apesar de toda sua 
importância ecológica, diversos desses corpos d’água estão sendo perturbados por 
atividades antropogênicas, levando à alteração da microbiota. Alguns trabalhos focaram 
na detecção de biossensores capazes de detectar impactos antropogênicos no meio 
ambiente. O objetivo de presente trabalho foi contribuir na descrição da comunidade 
microbiana em ambientes aquáticos. Para atingir essa meta foram realizados dois estudos, 
o primeiro estudo foi realizar a análise taxonômica e funcional da comunidade bacteriana 
do rio Paraguaçú na estação de chuva e seca, além de avaliar o efeito de proteção do 
Parque Nacional da Chapada Diamantina (PNCD) sobre a qualidade da água e da 
diversidade da microbiota do rio Paraguaçú. Outro estudo realizado foi o primeiro 
trabalho metagenômico focado em poças de maré. Esse trabalho deu enfoque na descrição 
do perfil taxonômico e funcional da microbiota das poças de maré situados em Ocean 
Beach, San Diego, CA, EUA. Ambos ambientes trabalhados possuem um grande 
potencial biotecnológico e se apresentaram como fundamentais na determinação do perfil 
da microbiota encontrada. No rio Paraguaçú foi possível observar uma predominância de 
genes relacionados à degradação de pesticidas (como o Benzoato), enquanto nas poças de 
maré foi possível observar uma maior abundância de genes relacionados à tolerância a 
ambientes com alta concentração salina. Novos estudos devem ser realizados para ambos 
ambientes buscando elucidar melhor os processos que ocorrem nesses ambientes. 




Determining the true diversity in a microbial community is one of the biggest challenges 
in microbiology. The development of new techniques has revealed a higher microbial 
diversity than what was previously thought and provided a new way to study these 
organisms. Metagenomics, the study of microbial DNA recovered from specific 
environments, allows the study of microbial communities in soil, air, human body, and 
termite gut. Among the environments studied using this approach, water is one of the 
most important. Each of the two types of water environments (seawater and freshwater) 
has a specific microbial community. Although previous studies have described microbial 
communities in different water layers and habitats (e.g. sponge, coral), the microbial 
communities of several seawater habitats have not been studied, and studies describing 
microbial communities in freshwater environments are rare. Moreover, ecologically 
important freshwater environments are being disturbed by anthropogenic activity, which 
can change the microbial profile. Previous studies have focused on identifying biosensors 
that can detect anthropogenic impacts on the environment. The aim of this work was to 
characterize the microbial communities in two water environments, and this objective 
was developed in two separate studies. The first described taxonomic and functional 
analyses of the bacterial community in the Paraguaçú River during both wet and dry 
seasons. Additionally, we evaluated the protective effect of Parque Nacional da Chapada 
Diamantina (PNCD) on water quality and microbial diversity in this river. The second 
study was the first metagenomic study of tide pools, in which we described the taxonomic 
and functional profiles of microbial communities in tide pools at Ocean Beach, San 
Diego, CA, USA. Both studies describe environments with great biotechnological 
potential and showed themselves as fundamental factors shaping the microbial 
communities. For example, in the Paraguaçú River we observed a high abundance of 
genes encoding enzymes capable of degrading pesticides such as emamectin benzoate, 
whereas tide pools showed a high abundance of halotolerance genes. Further studies are 
needed to elucidate processes in both environments. 








Ecologia microbiana e técnicas aplicadas ao estudo da diversidade microbiana 
 
 Os microrganismos estão inseridos no ecossistema que possui diversos hábitats. 
Hábitat é um dado ambiente compostos por fatores abióticos e bióticos [1], sendo que 
cada hábitat possui características intrínsecas que são fundamentais na determinação de 
qual microrganismo o habitará. Assim, certos fatores são cruciais para seleção de 
microrganismos que irão colonizar um determinado hábitat: nutrientes disponíveis e 
fatores ambientais (salinidade, pH, temperatura, etc) associados a esse hábitat. Caso a 
disponibilidade de nutrientes e os fatores ambientais forem favoráveis para diversos 
microrganismos, isso dará origem a diversas populações originando uma comunidade. A 
diversidade de microrganismos, além de como se relacionam inter e intraespecificamente 
e com o ambiente que estão inseridos são estudados na ecologia microbiana [2]. 
 Dentro da ecologia microbiana, existem dois conceitos que mensuram a 
microbiota de um hábitat, são eles: riqueza e abundância [2]. O conceito de riqueza está 
relacionado com o número de espécies em um dado local. A riqueza pode ser mensurada 
numericamente através do índice de diversidade, como o índice de Shannon [3] ou índice 
de Simpson [4], por exemplo, que possibilita a comparação entre diferentes amostras. 
Porém, diferente do conceito de riqueza de espécies, o conceito de abundância está 
vinculado a contribuição de uma espécie em uma comunidade, ou seja, é a proporção em 
número de indivíduos de uma dada espécie. 
 Com o avanço de novas metodologias, como contagem direta por microscopia de 
fluorescência, foi possível observar que a diversidade de microrganismos era maior do 
que se encontrava em estudos anteriores em placas, fenômeno conhecido como “A grande 
anomalia da contagem de placas”. Através da contagem direta em microscopia de 
fluorescência em uma amostra de uma grama de solo, observou-se cerca de 10 bilhões de 
organismos procariontes enquanto se visualizava em placas um número 100 a 1000 vezes 
menor [5]. Assim, novas formas de avaliar essa diversidade microbiana têm sido 
desenvolvidas gerando inúmeras informações, antes desconhecidas. 
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 Inúmeras técnicas podem avaliar a diversidade microbiana, seja diversidade 
taxonômica ou funcional que podem ser de baixa, intermediária e alta resolução. Dentro 
das técnicas de baixa resolução, a observação direta da amostra por microscopia consegue 
oferecer uma noção dos microrganismos presentes em termos morfológicos, além de 
fornecer o número de microrganismos presentes com uma certa precisão. Outra técnica 
de baixa resolução é o método de reassociação de DNA da comunidade microbiana, onde 
a estimativa da diversidade procariótica é dada pela porcentagem de DNA que é 
renaturada após a desnaturação do DNA da comunidade microbiana, ou seja, quanto 
menor o teor de DNA renaturado, mais diversa é a amostra, porém a composição da 
comunidade não é acessada [6,7]. 
 Existem outros métodos de baixa resolução que se baseiam em marcadores 
bioquímicos como a análise de ácidos graxos. Na análise de ácido graxos é realizada a 
extração desses compostos provenientes dos microrganismos da amostra após a 
identificação do composto, se for um marcador bioquímico característico, será possível 
identificar as espécies, permitindo o monitoramento da diversidade de um ambiente [8]. 
Todavia esse método é utilizado com algumas ressalvas. Fakruddin e Mannan, em sua 
revisão, alertam que vários microrganismos possuem os mesmos ácidos graxos o que 
pode impedir a detecção na mudança da diversidade [9]. Outra ressalva realizada por 
Fakruddin e Mannan é que a composição de ácidos graxos dos microrganismos pode 
variar de acordo com as condições de crescimento. 
 Dentro dos métodos de resolução intermediária estão presentes as técnicas por 
fingerprint, como DGGE, TGGE, RISA e ARDRA. Essas técnicas consistem na 
amplificação do gene rRNA 16S (DGGE, TGGE) ou da região ITS (RISA, ARDRA) e 
separação dos produtos gerados em um gel de eletrofoforese, sendo que o perfil 
apresentado no gel é utilizado para estimar a diversidade. Godheja et al. relatam que 
apesar das limitações, principalmente pelo desenho dos primers para grupos específicos, 
essas técnicas têm sido bastante utilizadas em diversos estudos [10]. Porém, essas técnicas 
não conseguem mensurar de uma forma precisa a abundância e diversidade, 
principalmente pela dificuldade da reprodutibilidade. 
 Outro método de resolução intermediária amplamente utilizado é a hibridização 
por fluorescência in situ (FISH) que consiste na hibridização de um marcador filogenético 
(rRNA 16S por exemplo) com um fluoróforo específico no microrganismo-alvo, 
18 
 
permitindo a detecção e quantificação de células de grupos filogenéticos conhecidos, 
permitindo a descrição da diversidade da amostra. Porém, conforme Douterelo et al. essa 
técnica possui dificuldade de diferenciar células vivas de células mortas [11]. Sanz e 
Köchling relatam que esse método requer uma sequência de nucleotídeo conhecida do 
organismo alvo para o desenho de uma sonda, portanto, permitindo a detecção apenas de 
microrganismos conhecidos [12]. 
 Para a análise da diversidade funcional, a técnica de microarranjo de fenótipo é 
utilizada. Esse método consiste no crescimento da comunidade microbiana em diferentes 
fontes nutricionais (12, 48 ou 96 fontes), exibindo um potencial catabólico característico 
[13]. Apesar de ser uma alternativa mais barata que o sequenciamento, essa técnica pode 
superestimar a presença de algumas bactérias, alterando a verdadeira contribuição dessas 




 O estudo dos genomas de diversos microrganismos contidos em um dado 
ambiente é denominado de metagenômica [14]. Esse estudo pode contemplar tanto a 
diversidade presente em um ambiente (bactérias, arqueas, fungos, protozoários) quanto a 
investigação de seu potencial funcional, ou seja, seus recursos genéticos com a facilidade 
do não-cultivo desses microrganismos.  
 O termo “metagenômica” foi empregado pela primeira vez por Handelsman et al. 
[14], onde foi levantada uma possibilidade de poder acessar compostos com apelo 
industrial produzidos por microrganismos desconhecidos de difícil cultivo por meio do 
sequenciamento do DNA total da comunidade microbiana. Assim, diversos trabalhos 
foram realizados a partir de diversos tipos de amostra, como solo, água, ar, resíduos 
industriais, etc. 
 Inicialmente, o campo da metagenômica era associado à utilização de vetores 
BAC e fosmídeos [14–17] que eram capazes de manter estavelmente  grandes segmentos 
de DNA (>100kb) exógeno (proveniente da amostra estudada). Esses segmentos de DNA 
(provenientes de produtos de PCR – gene rRNA 16S ou gene rRNA 18S geralmente – ou 
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o próprio DNA) poderiam ser facilmente sequenciados fornecendo informações de vias 
enzimáticas inteiras que podem estar presentes em um único clone BAC e fosmídeos. 
 Atualmente, os estudos metagenômicos são realizados a partir do sequenciamento 
shotgun direto do DNA “ambiental” [18,19]. Assim, no campo da metagenômica é 
possível descrever as espécies e/ou genes presentes no ambiente através de identificação 
realizada por meio do contraste com banco de dados específicos (Greengenes [20], 
SILVA [21] para taxonomia e SEED [22] para funcional, por exemplo), possibilitando a 
mensuração da diversidade microbiana de uma forma mais precisa. Por meio do 
processamento dos dados gerados pelo sequenciamento realizado em softwares e/ou 
plataformas (QIIME [23], MG-RAST [24]) é possível investigar o potencial gênico de 
uma dada comunidade. Porém, essa técnica prioriza os membros dominantes de um 
determinado ambiente, sendo que são necessárias certas modificações e/ou outras 
técnicas para analisar organismos mais raros. 
  
Metagenômica em ambientes aquáticos 
 
 A metagenômica pode ser utilizada para o estudo de diversos tipos de ambientes, 
como solo [25], ar [26,27], corpo humano [28,29], intestino de cupim [30], entre outros. 
Dentro dos ambientes estudados pela metagenômica, o ambiente aquático vem sendo alvo 
de diversos estudos focados na descrição e nas interações que ocorrem na microbiota. 
Dentro do ambiente aquático, há diversos tipos de ambientes como água do mar e água 
doce, por exemplo. 
 
Água do mar 
 Cobrindo cerca de 70% do planeta Terra, o ambiente marinho possui uma grande 
importância em diversos papeis vitais aos seres que habitam esse planeta, sendo que a 
maioria dessas atividades são desempenhadas pelos microrganismos. Nos ambientes 
marinhos, esses microrganismos são encontrados desde a superfície até em profundidades 
maiores (11000m) com altas pressões (100Mpa) [31]. De acordo com a profundidade, 
diversos trabalhos têm sido realizados focados na descrição da microbiota de cada camada 
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na coluna d’água do oceano (superfície, mesopelágico, mar profundo e sedimento 
marinho [31]. 
 A maioria dos estudos marinhos são realizados nos oceanos Pacífico e no 
Atlântico Norte [32]. Descrevendo a microbiota presente na superfície marinha do mar 
de Sargasso (Atlântico Norte), Venter et al. relataram que os mais abundantes filos nesse 
ambiente eram Proteobacteria, Actinobacteria, Cyanobacteria, Firmicutes, entre outros 
[19]. Nesse mesmo trabalho, Venter et al. detectaram mais de 1800 espécies, maioria 
pertencente a Alphaproteobacteria e Gammaproteobacteria. Em outro estudo, Mueller et 
al. sequenciaram amostras da superfície do mar em Monterey (CA, EUA) no oceano 
Pacífico [33]. Nesse estudo, eles relataram a predominância dos filos Proteobacteria e 
Bacteriodetes. 
 Existem alguns esforços para o preenchimento dessa ausência de conhecimento 
em outras regiões marinhas. Alves-Junior et al. realizaram uma caracterização 
metagenômica na região sul do oceano Atlântico em diferentes profundidades - 
superfície, camada profunda de máxima concentração de clorofila (DMC; 48–82m), zona 
afótica (1200m) [34]. Nesse trabalho eles relataram a predominância do filo 
Proteobacteria nas amostras e que a abundância de Cyanobacteria foi maior quando 
comparada a outros oceanos [34]. Eles também relataram que as abundâncias de 
Alphaproteobacteria e Cyanobacteria diminuíram com o aumento da profundidade, 
enquanto ocorreu um aumento na abundância de Rhodobacteriales [34]. 
 Além da coluna d’água, o ambiente marinho oferece diversas opções de hábitats 
para microrganismos. Trindade-Silva et al. descreveram a microbiota associada à esponja 
endêmica Arenosclera brasiliensis, onde foi encontrada a prevalência dos gêneros 
Burkholderia, Pseudomonas e Alteromonas [35]. A microbiota associada à esponja A. 
brasiliensis apresentou uma maior abundância de genes relacionados a transporte de 
membrana e com o metabolismo de carbono em relação a microbiota presente na coluna 
d’água. Também foi relatado uma maior abundância de genes relacionados à síntese e 
degradação de metabólitos secundários, potencial que foi investigado posteriormente por 
Rua et al. [36]. Um outro exemplo de ambiente marinho estudado são os corais. Bruce et 
al. descreveram a microbiota presente em corais no Parque Nacional Marinho de 
Abrolhos e de corais fora do perímetro do Parque [37]. Ainda existem inúmeros hábitats 
que ainda não possuem estudos relacionados à microbiota. 
21 
 
 Além de estudos ecológicos, os ambientes marinhos também têm fornecido 
microrganismos alvos de produtos biotecnológicos. Por exemplo, Zhu et al. descobriram 
e modificaram geneticamente uma linhagem de Marinactinospora thermotolerans 
(Actinomycete) em sedimento marinho capaz de produzir um potente agente 
antibacteriano [38]. A partir de uma microbiota associada à esponja A. brasiliensis, Rua 
et al. isolaram microrganismos cultiváveis que apresentam atividade antimicrobiana, 
possuindo um grande potencial biotecnológico [36]. 
 
Poças de maré 
 Um tipo de ambiente vinculado ao ambiente marinho é a poça de maré. As poças 
de maré são áreas conhecidas como ambientes sob forte estresse onde os seus habitantes 
estão sujeitos a oscilações de temperatura e salinidade, além de dissecação e hipoxia [39]. 
Essas condições de estresse podem ser causadas por diversos fatores como incidência de 
luz solar (elevando a temperatura), oxigênio, entre outros [40]. Devido à limitação 
espacial e à facilidade para mensurar nutrientes e outros compostos, esse ambiente oferece 
a possibilidade de desenvolver estudos ecológicos [41,42]. Em geral, os estudos 
realizados nas poças de maré são focados em macrorganismos, como alguns crustáceos, 
algas, camarões e peixes [43–47]. 
 Essas zonas entremarés são também influenciadas pelos seus habitantes. Alguns 
organismos podem usar os nutrientes em uma proporção diferente dos demais 
organismos, afetando diretamente a disponibilidade do nutriente em questão nas poças de 
maré [48,49]. Bjork et al. relataram a capacidade da alga Ulva intestinalis em aumentar 
o pH e reduzir a concentração do carbono inorgânico em uma poça de maré [50]. Todas 
essas mudanças podem ser fundamentais para moldar a microbiota presente nas poças de 
maré. Estudos relacionados a microrganismos em poças de maré são raros e esses poucos 
trabalhos estão vinculados a estudos biotecnológicos [51,52]. Nenhum estudo 
metagenômico foi realizado nesse ambiente. 
 
Água doce  
 Em relação à água doce, diversos estudos foram realizados focando a descrição da 
microbiota em rios, lagos e reservatórios, porém são de escalas menores e ainda bastante 
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escassos quando comparados aos estudos realizados em ambientes marinhos [19,53]. 
Esses poucos trabalhos já foram capazes de mostrar que a comunidade microbiana 
presente em água doce é diferente da comunidade presente em água salgada [54]. Esses 
ambientes de água doce possuem uma grande importância para o homem, além de estarem 
relacionados a diversos ciclos biogeoquímicos [55]. 
 As caracterizações microbianas são realizadas ao longo da coluna d’água e dos 
sedimentos desses ambientes de água doce. Ghai et al. realizaram uma análise da 
microbiota do rio Amazonas (Brasil), além de uma caracterização dos parâmetros físico-
químicos de sua água [56]. O rio Amazonas apresentou uma microbiota dominada por 
Actinobacteria, Alphaproteobacteria e Betaproteobacteria, apresentando o gênero 
Polynucleobacter como o mais abundante entre as bactérias. Além dessa descrição, Ghai 
et al. também mostraram a importância do metabolismo heterotrófico nesse rio. 
 Em outro trabalho, que ajuda a esclarecer a microbiota de água doce, Gibbons et 
al. realizaram um estudo sobre a diversidade taxonômica e funcional da microbiota do 
sedimento do rio Tongue (EUA) [57]. Os autores relataram a predominância dos filos 
Proteobacteria, Acidobacteria, Bacteroidetes e Planctomycetes. Nesse mesmo estudo 
também foi relatado o potencial da microbiota em degradar compostos aromáticos e 
hidrocarbonetos, como naftaleno, nitrotolueno, benzoato entre outros. Segundo os 
autores, provavelmente, o potencial de degradação desses compostos na microbiota foi 
estimulado por estar vinculado à proximidade de uma carvoaria próxima ao corpo d’água.  
 Apesar de toda sua importância ecológica, diversos desses corpos d’água estão 
sendo perturbados por atividades antropogênicas, levando à alteração da microbiota [58] 
e, por sua vez, impactando em diversos ciclos biogeoquímicos, visto que a microbiota 
tem papel fundamental nessa etapa. Liu et al. relataram que no estuário Pearl (China) 
havia uma alta abundância de Sphingomonadales e Rhizobiales (Alphaproteobacteria), 
além de uma maior abundância de fitoplâncton. Os autores explicam que esse cenário se 
deve à alta concentração de nutrientes proveniente de impactos antropogênicos no 
estuário [59].  
 Assim, a partir de estudos nesses ambientes é possível realizar a identificação de 
biomarcadores de atividades antropogênicas para essas áreas que estão em constante 
contato com o homem. Smith et al. (2015) mostraram que comunidades bacterianas de 
áreas contaminadas por urânio e nitrato ou óleo podem ser diferenciadas de comunidades 
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bacterianas de ambientes saudáveis, assim, podendo ser utilizadas como biossensores 
capazes de detectar impactos antropogênicos no meio ambiente [60]. 
 
Rio Paraguaçú 
 O rio Paraguaçú faz parte da bacia do Paraguaçú, sendo que essa bacia está contida 
em grande parte na Caatinga, assim, possuindo uma grande importância para o estado da 
Bahia. Essa bacia propicia o desenvolvimento de atividades agropecuárias e mineração, 
contém o manancial de abastecimento de Salvador e região metropolitana, além de abrigar 
inúmeras nascentes [61,62]. 
 O curso do rio Paraguaçú está contido inteiramente na Bahia, possuindo 500 km 
de extensão desde a sua nascente localizada no município de Barra da Estiva (13° 37' 33" 
S 41° 19' 37" W, 1200m de altitude), passando pela Chapada Diamantina e pela Caatinga 
do Recôncavo Baiano, chegando à desembocadura na Baía de Todos os Santos (Pereira, 
2008). Em seu percurso existem três barragens: do Apertado, Bandeira de Melo e Pedra 
do Cavalo. A barragem do Apertado está localizada na cidade de Mucugê, antes do rio 
Paraguaçú entrar no Parque Nacional da Chapada Diamantina, essa barragem possui uma 
capacidade de 108,89 hm³ e uma vazão de 8,90 m³/s, com o propósito de abastecer o 
município, nas zonas urbana e rural [63]. 
 Apesar de sua extrema importância, o rio Paraguaçú sofre inúmeros impactos 
ambientais que interferem na sua manutenção, diversidade e qualidade. Esses impactos 
estão ligados principalmente a atividades agrícolas, como a utilização de pesticidas, 
desmatamentos e/ou queimadas para formação de pastagem que potencializam as 
formações de erosões em áreas sem cobertura vegetal com consequente assoreamento do 
rio [61], além da poluição com metais pesados pela atividade de garimpo [64]. 
 Na Chapada Diamantina, parte do rio Paraguaçú está protegida pelo Parque 
Nacional da Chapada Diamantina (PNCD). O PNCD possui 152.141 ha e apresenta em 
sua composição Caatinga (bioma oficial), Cerrado e Mata Atlântica [65]. Sua geologia é 
constituída pelas formações Paraguaçú, Tombador, Cabloco, Morro do Chapéu e 
Bebedouro. A formação do grupo Paraguaçú possui as rochas mais antigas da unidade de 
conservação, compostas por silitos, argilitos, com arenitos e conglomerados [66]. O grupo 
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Paraguaçú compreende uma sequência metassedimentar pelito-psamítica, cortada por 
rochas magmáticas [67]. 
 O clima na Chapada Diamantina se alterna de subúmido a seco, sendo que nas 
regiões mais próximas da nascente pode variar de úmido a subúmido coberto com 
florestas remanescentes e campos rupestres (S.E.M.A.R.H. e S.R.H., 2005). Segundo o 
Instituto Nacional de Meteorologia (INMET), entre o período de agosto/2012 a 
maio/2013, houve variação na temperatura de 17,8 ºC (25/08/2012) a 33 ºC (23/10/2012) 
e variação da umidade de 43% (30/09/2012) a 100% (23/11/2012), enquanto a 
precipitação pluviométrica do período de agosto/2012 a maio/2013 chegou a 124 mm 
(23/01/2013), sendo que o mês de novembro de 2012 apresentou precipitação em quase 
todos os dias. O período de 25 de janeiro de 2013 a 21 de março de 2013 foi considerado 
como um dos piores períodos de seca da região possuindo apenas 8 mm de precipitação 
em dois meses. 
 O PNCD abriga diversas espécies com risco de extinção, como gavião-pomba, 
tamanduá-bandeira, tatu-canastra, onça-parda, entre outros [68]. Além disso, o rio 
Paraguaçú abriga uma espécie endêmica de peixe, Hypostomus jaguar [69], o que reforça 
a preservação e a realização de estudos no rio e na região que o engloba. Apesar da 
necessidade em caracterizar a região, poucos estudos foram realizados e em sua maioria 
com intuito de descrever sua flora, fauna e geologia. A Chapada Diamantina possui em 
sua composição uma fitofisionomia bastante distinta e uma formação geológica muito 
característica, o que potencializa a presença de micro-organismos característicos da 
região. Além disso, a avaliação da diversidade microbiana, tanto em áreas naturais como 










OBJETIVO GERAL E ESTRUTURA DA TESE 
  
 O objetivo geral do presente estudo foi descrever a comunidade microbiana em 
ambientes aquáticos. Os resultados foram apresentados em dois capítulos, sendo eles: 
CAPÍTULO 1 - Microbial community profile and water quality in a protected area 
of the Caatinga biome 
CAPÍTULO 2 - Functional and Taxonomic Description of the Microbial 
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The Caatinga is a semi-arid biome in northeast Brazil. The Paraguaçú River is located in 
the Caatinga biome, and part of its course is protected by the National Park of Chapada 
Diamantina (PNCD). In this study we evaluated the effect of PNCD protection on the 
water quality and microbial community diversity of this river by analyzing water samples 
obtained from points located inside and outside the PNCD in both wet and dry seasons. 
Results of water quality analysis showed higher levels of silicate, ammonia, particulate 
organic carbon, and nitrite in samples from the unprotected area compared with those 
from protected areas. Pyrosequencing of the 16S rRNA genes revealed that 
Burkholderiales was abundant in samples from all three sites during both seasons and was 
represented primarily by the genus Polynucleobacter and members of the 
Comamonadaceae family (e.g., genus Limnohabitans). During the dry season, the 
unprotected area showed a higher abundance of Flavobacterium sp. and Arthrobacter sp., 
which are frequently associated with the presence and/or degradation of arsenic and 
pesticide compounds. In addition, genes that appear to be related to agricultural impacts 
on the environment, as well as those involved in arsenic and cadmium resistance, copper 
homeostasis, and propanediol utilization, were detected in the unprotected areas by 
metagenomic sequencing. Although PNCD protection improves water quality, 
agricultural activities around the park may affect water quality within the park and may 
account for the presence of bacteria capable of pesticide degradation and assimilation, 
evidencing possible anthropogenic impacts on the Caatinga. 
 





 The Caatinga is a semi-arid biome located in the northeast of Brazil (3–17°S to 
35–45°W). It occupies almost 900,000 km² of the Brazilian territory and is characterized 
by its vegetation during the dry season, when the leaves fall and white tree trunks and 
shrubs remain in the landscape [1, 2]. This unique and important biome is strongly 
affected by anthropogenic processes. It is estimated that about 50% of the Caatinga biome 
has been modified by activities related to agriculture, livestock, or coal extraction [3-6]. 
The dry season in the Caatinga is characterized by water shortage [5], with an annual 
rainfall of 300–500 mm in the semi-arid zone and 1,500 mm in the mountainous area of 
Chapada Diamantina [3]. Accordingly, the Paraguaçú River, which is a typical Caatinga 
river, shows high seasonal volume fluctuations. This river supplies water for agricultural 
and mining activities, as well as several cities. Despite the great importance of this river, 
it is subject to pesticide dumping, siltation, and heavy metal pollution [7], but the precise 
effects of agriculture and mining on the water quality and microbial diversity of this 
region remain unclear. To prevent environmental degradation, the National Park of 
Chapada Diamantina (PNCD) was created in 1985. However, this park, which protects 
part of the Paraguaçú River course, is surrounded by agricultural land, some of which is 
in direct contact with the Paraguaçú River. 
 Previous studies have described the isolation and characterization of microbes 
from the Caatinga [8-12]. Recently, Pacchioni et al. conducted the first metagenomic 
study of one soil sample from the Caatinga and showed that Actinobacteria and 
Alphaproteobacteria were the most abundant groups [13]. Pacchioni et al. also described 
the presence of genes related to stress resistance and the metabolism of DNA, nitrogen, 
and amino acids. This study suggested that the microbial profile of the Caatinga differed 
from those of other Brazilian biomes such as the Amazon, savannah (also called Cerrado), 
37 
 
and Atlantic forest, but the limited number of samples analyzed hampered a clear 
distinction.  In addition, it is not clear from previous studies how the microbial 
communities are structured inside and outside protected areas (such as PNCD). 
 In this study, we evaluated the effect of PNCD protection on the water quality and 
microbial diversity of the Paraguaçú River. Specifically, we performed taxonomic and 
metagenomic analyses of bacterial communities from sites inside and outside the PNCD 
in both wet and dry seasons. We also analyzed water quality by measuring the levels of 
heavy metals, dissolved organic carbon (DOC), particulate organic carbon (POC), and 
inorganic nutrients.  
 
Materials and methods 
 
Ethics statement 
 This study was approved by Instituto Chico Mendes de Conservação da 
Biodiversidade (ICMBio) in accordance with the Brazilian law (Permit Number: 
SISBIO31652-1). 
 
Study area and sample collection 
 Water samples were collected from three points along the Paraguaçú River (Fig. 
1). The first sampling point (P1) is located outside the PNCD 
(13°26'9.11"S41°20'17.56"W) near Ibicoara (Bahia, Brazil) and was therefore 
unprotected. The two protected sampling points, P2 and P3, are located just inside the 
PNCD (13° 0'2.60"S 41°23'22.57"W and 12°50'25.91"S 41°19'26.52"W, respectively). 
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Two replicate samples were obtained at each sampling point in the wet season (November 
2012) and dry season (February 2013) for a total of 12 samples. For each sampling point 
in both seasons, we collected approximately 20 L unfiltered water by pump from the water 
column at a depth of approximately 1 m.  
 After obtaining water samples, aliquots of each sample (200 ml) were frozen at -
20ºC for the subsequent measurement of physicochemical parameters. After collecting 
the water samples, sediments were sampled from the river bottom directly below the 
water sampling point. The sediment samples were collected using a dredge at a depth of 
10 cm inside a perimeter of 2 m and stored at -20°C.  
 For each freshwater sample, aliquots used to measure microbial abundance were 
prepared immediately after water sampling. Three 1.5-ml aliquots were dispensed into 
2.0-ml cryogenic tubes and fixed with 1% paraformaldehyde and 0.5% glutaraldehyde 
for the bacterial count [14], 0.5% glutaraldehyde for the viral count [15], and 1% 
paraformaldehyde for the nanoeukaryotic phytoplankton (NEUK), picoeukaryote 
(PEUK), and Synechococcus spp. analyses [16]. Fixation was performed within 30 
minutes after the water samples were collected. 
 Two liters of water was prefiltered using a 20-µm mesh and then filtered through 
0.22-µm Sterivex filters (Millipore), using a peristaltic pump and three Sterivex filters for 
each sample. The Sterivex filters were stored in SET buffer (20% sucrose, 50 mM EDTA, 






Fig.1. Study area. A) The area under National Park of Chapada Diamantina (PNCD) management is shown 
in green. The three sampling points on the Paraguaçú River are indicated on the map: P1, unprotected site 
outside the PNCD; P2 and P3, protected sites within the PNCD. The arrow indicates the direction of water 
flow. B) Unprotected sampling point P1. C) Protected sampling point P2. D) Protected sampling point P3. 
 
 
Physicochemical and microbial abundance analyses 
 Two replicates water samples were analyzed for each physicochemical parameter. 
Measurements of inorganic nutrients [17] were carried out as follows: ammonia was 
determined using the indophenol method, nitrite by diazotization, nitrate by Cd-Cu 
reduction followed by diazotization, total nitrogen by potassium persulfate digestion 
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following nitrate determination, orthophosphate by reaction with ascorbic acid, total 
phosphorous by acid digestion to phosphate, and silicate by reaction with molybdate. 
DOC and POC were analyzed as described previously [18]. 
 Each sediment sample was passed through a 2-mm sieve (Millipore) with a stream 
of water.  Sand (coarse, medium and fine), silt, clay, and trace elements were measured 
in the fraction that passed through the sieve. Quantification of trace elements was carried 
out by inductively coupled plasma optical emission spectrometry (ICP-OES; Varian 
Liberty-Series II) using a procedure based on US Environmental Protection Agency 
Method 3052 [19] and modified by Marques et al. [20]. Approximately 0.5 g of the sieved 
sediment was used to determine concentrations of the following elements: Al, Ba, Ca, 
Cd, Cr, Cu, Fe, Mn, Ni, P, Pb, S, Sr, Ti, V, and Zn. Measurements were carried out in 
triplicate for each sample, and a coefficient of variation between replicates <10% was 
considered satisfactory. 
 Microbial and viral abundance in water samples was determined by flow 
cytometry (FACSCalibur, BD Biosciences) using nucleic acid affinity fluorophore probes 
for bacteria [21, 22] and SYBR Green (Life Technologies) for viruses [15]. Picoplankton 
were detected by the fluorescence of natural photosynthetic pigments [16].  
 Principal component analysis of physicochemical and microbial parameters was 
performed using a correlation matrix in Past v.3.01 [23]. Values for physicochemical and 
microbial parameters from the 12 water samples (two samples taken from three different 
sites in both seasons) were compared by ANOVA (α < 0.05), followed by the Tukey post 




Metagenomic DNA extraction 
 DNA extraction was performed using lysozyme (1 mg/ml) for 1 h at 37°C, as 
previously described [25]. Then proteinase K (0.2 mg/ml) and 1% sodium dodecyl sulfate 
(SDS) were added, and the samples were incubated at 55°C for 60 min with gentle 
agitation. The lysate was rinsed into a new tube with 1 ml SET buffer. Metagenomic DNA 
was extracted with one volume of phenol:chloroform:isoamyl alcohol (25:24:1) and then 
precipitated with ethanol and sodium acetate (0.3 M final concentration) at -20°C 
overnight. The DNA was purified using a Power Clean DNA Clean-Up Kit (MO BIO 
Laboratories) and stored at -20°C. 
 
Polymerase chain reaction, 16S rRNA gene amplicon sequencing, and 
sequence analysis 
 Polymerase chain reaction (PCR) amplification of bacterial 16S rRNA genes was 
performed as described in our previous reports [26]. The hypervariable regions V5 to V9 
of the bacterial 16S rRNA gene were amplified using primers 787F (5'-
ATTAGATACCCNGGTAG-3') and 1492R (5'-GNTACCTTGTTACGACTT-3') [27]. 
Primers used in this work were designed with the appropriate 454 pyrosequencing adaptor 
sequences and multiplex identifiers (not shown). Ten 20-µL reactions were carried out 
for bacteria using 1× buffer, 0.25 mM dNTP mix, 3 mM MgCl2, 0.175 pmol each primer 
(forward and reverse), 1.5 U Taq polymerase (Phoneutria, Brazil), 5–10 ng DNA, and 
deionized ultrapure water. The PCR conditions consisted of an initial denaturing step at 
95°C for 3 min; 25 amplification cycles at 95°C for 30 s, 58°C for 30 s, and 72°C for 1.7 
min; and a final extension step for 7 min at 72°C. The reactions were pooled and then 
purified using a QIAquick PCR Purification kit (Qiagen). Pyrosequencing of the 
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amplicons was carried out in two 1/8 picotiter plates by Macrogen Inc. (Seoul, Korea) 
using a 454 GS-FLX Titanium system (454 Life Sciences; Roche, Basel, Switzerland). 
 Sequences were analyzed using QIIME 1.7.0 software [28]. Initially the 16S 
rRNA sequences were demultiplexed, and the reads were renamed according to the 
sample ID with the split_libraries.py script. The sequence quality thresholds used in this 
step were minimum average quality score of 30, sequence length range of 200–1000 
nucleotides, window score of 50 nucleotides, maximum number of ambiguous bases of 
6, length of homopolymer run of 6, and maximum number of error in barcodes of 1.5. 
Primer mismatches were not allowed. The denoising procedure for the output file was 
performed using the denoise_wrapper.py script [29] set to titanium defaults. The script 
inflate_denoiser_output.py reintegrated the denoised data, and the 
truncate_reverse_primer.py script removed the reverse primers and any subsequent 
sequences. Chimeric sequence identification was performed by 
identify_chimeric_seqs.py script using Chimera Slayer [30], which performs reference-
based or de novo (abundance-based) chimera checking. From a total of 165,337 raw 
sequences obtained by pyrosequencing, 54,423 sequences were removed after the 
processing steps described above, yielding 110,914 high-quality sequences.   
 The pick_de_novo_otus.py script was used to build an operational taxonomic unit 
(OTU) table. The parameters used in each step were as follows. (i) OTU picking was 
performed using uclust with reference sequences from the Greengenes database (May 
2013) [31] in the bacterial analyses. Reverse strand matching was enabled, and the 
sequence similarity threshold was 97%. (ii) The representative set of sequences was 
chosen based on the most abundant sequences of each OTU. (iii) PyNAST [32] was used 
to align sequences to the Greengenes core reference alignment, and uclust was used for 
pairwise alignment; minimum sequence length to include in alignment was 150 
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nucleotides. (iv) RDP Classifier v.2.2 [33] was used to assign taxonomy based on the 
Greengenes sequences as references and templates. (v) The phylogenetic tree was built 
using the FastTree method [34]. (vi) The OTU table showing the relative abundance at 
each taxonomic level (kingdom, phylum, class, order, family, and genus) was then 
generated from OTU counts for each sample and their taxonomic assignments. 
 The script alpha_rarefaction.py calculated the diversity indices at a single 
sequencing depth (i.e. number of sequences per sample) with 2910 sequences using the 
following metrics: nonparametric Shannon [35], Chao1 [36], Observed Species, and 
Good’s coverage [37]. The values of the indices from the 12 samples (taken from three 
sites in both seasons with two replicates each) were compared by ANOVA (α < 0.05), 
followed by the Tukey post hoc test using R statistical software [24]. The script 
beta_rarefaction.py was used to calculate beta diversity [38]. Results of the principal 
coordinates analysis (PCoA) of relative abundances of bacterial taxa (at the order and 
genus levels) were plotted in EMPeror [39] from community similarities values 
(unweighted UniFrac distance matrices). 
 We analyzed taxonomic profiles of the water samples using Statistical Analysis 
of Metagenomic Profiles (STAMP) software [40]. Samples were compared by ANOVA, 
followed by the Tukey–Kramer post hoc test (p < 0.05) with the Bonferroni correction 
for multiple comparisons. Taxa with small effect sizes were removed by filtering (effect 
size = 8.00), and asymptotic confidence intervals (95%) were calculated. For seasonal 
analysis (wet versus dry), samples were compared by t-test (p < 0.05), followed by the 
Bonferroni correction for multiple comparisons. Taxa with small effect sizes were 




Metagenome sequencing and sequence analysis 
 Metagenomic DNA libraries were constructed with the Nextera DNA Sample 
Preparation Kit (Illumina) and 2 × 250 bp paired-end sequencing was carried out by 
Centro de Genômica de Alto Desempenho UCB (Brasília, Brazil) using an Illumina 
MiSeq system according to the manufacturer's instructions. Sequence analysis was 
performed with 2.2 x 107 sequences (S1 Table) using the MG-RAST server [41] using 
default sequence quality thresholds [42, 43].  The analysis of metagenomic data was based 
on unassembled reads. Functional annotation was performed against the SEED database 
[44], and taxonomic profiles were generated using the M5NR database [45].  
 We compared the abundance of gene and taxa among the water samples using 
STAMP software [40]. Samples were compared by ANOVA, followed by the Tukey–
Kramer post hoc test (p < 0.05) without correction for the gene profile and with the 
Bonferroni correction for multiple comparisons for the taxonomic profile. Genes and taxa 
with small effect sizes were removed by filtering (effect size = 8.00), and asymptotic 
confidence intervals (95%) were calculated. For seasonal analysis (wet versus dry; 
protected versus unprotected in both seasons), samples were compared by t-test (p < 0.05) 
without correction (gene profile) and with the Bonferroni correction for multiple 
comparisons (taxonomic profile). Genes and taxa with small effect sizes were removed 
by filtering (effect size = 8.00). 
 The phylogenetic analysis was performed from the taxonomy profile provided at 





 The sequences assessed in this study are available in NCBI Sequence Read 
Archive (SRA) under the study Accession number PRJNA292014. Metagenomic data 
sets are available in the MG-RAST server under Biodiversidade Microbiana do Bioma 
Caatinga project (ID 7927). 
 
Results 
Inorganic and organic compounds and microbial cell count 
 We tested water samples obtained from an unprotected site outside the PNCD (P1) 
and two protected areas within the PNCD (P2 and P3) in both wet and dry seasons. Our 
results showed that levels of silicate, ammonia, POC, and nitrite were higher in samples 
from the unprotected area, whereas levels of DOC, total nitrogen, orthophosphate, and 
total phosphorus were higher in samples from the protected areas (Table 1; S1–S3 Figs.), 
allowing the segregation of the samples into two groups (Fig. 2). Samples obtained in the 
unprotected area were also clustered according to season, with the vectors for POC and 
ammonia grouping samples obtained during the wet season, and vectors for silicate, 
nitrite, and nitrate grouping samples obtained during the dry season (Fig. 2). A 
comparison of samples obtained from within the PNCD shows that DOC and total 
nitrogen levels were higher in samples from P2, but total phosphorus and orthophosphate 
levels were higher in samples from P3 (Fig. 2). Table 2 summarizes the water analysis 
results of our study and those of several other metagenomic studies reporting the 





Fig. 2. Principal component analysis (PCA) of the physicochemical parameters and bacterial 
community of Paraguaçú River water samples obtained from three sites (P1, unprotected area; P2 
and P3, protected areas) during both wet and dry seasons. The ordination analysis was performed with 
ammonia, nitrite, nitrate, total nitrogen, orthophosphate, total phosphorous, silicate, dissolved organic 
carbon (DOC), particulate organic carbon (POC), and bacterial counts based on the correlation matrix. 
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Table 1. General features of water samples obtained from sites on the Paraguaçú River. 
Abbreviations: CFU, colony-forming units; DOC, dissolved organic carbon; NEUK, nanoeukaryotes; N/P, nitrogen/phosphorus; PEUK, picoeukaryotes; POC, particulate organic 
carbon.
  P1 P2 P3 
Geographic location  13°26'9.11"S  41°20'17.56"W  13° 0'2.60"S  41°23'22.57"W  12°50'25.91"S  41°19'26.52"W 
Altitude (m above sea 
level) 
  1100     974     345   
Month/Year Nov 2012 Feb 2013 Nov 2012 Feb 2013 Nov 2012 Feb 2013 
Season wet dry wet dry wet dry 
Depth (m) ± 0.80 ± 0.70 ± 1.10 ± 0.45 > 3.00 > 3.00 
Width (m) ± 4.23 ± 2.94 ± 36.9 
pH 2.8 4.0 2.9 3.8 3.2 4.1 
Conductivity (µS/ml) 41 44 54 63 27 35 
Coarse sand (%) 2.6 5.5 45.7 41.9 68.2 10.5 
Medium sand (%) 82.3 63.4 48.7 52.4 28.3 78.3 
Fine sand (%) 14.8 28.9 5.6 5.7 3.3 10.7 
Silt (%) 0.3 2.2 0.0 0.0 0.0 0.5 
Clay (%) 0.0 0.0 0.0 0.0 0.0 0.0 
Bacterial counts (cells/ml) 2.1E+06 ± 1.1E+05 1.2E+06 ± 1.9E+05 1.0E+06 ± 2.0E+04 9.9E+05 ± 6.8E+04 8.7E+05 ± 4.3E+04 7.1E+05 ± 2.4E+04 
Virus counts (CFU/ml) 6.0E+05 ± 4.3E+04 6.9E+06 ± 1.9E+06 6.6E+05 ± 1.4E+05 1.2E+07 ± 5.6E+05 3.7E+05 ± 1.2E+05 8.7E+06 ± 4.2E+05 
Synechococcus (cells/ml) 0 ± 0 0 ± 0 0 ± 0 2.2E+03 ± 5.0E+02 0 ± 0 0 ± 0 
PEUK (cells/ml) 0 ± 0 0 ± 0 1.6E+03 ± 2.4E+02 3.1E+03 ± 1.7E+02 1.6E+03 ± 6.2E+01 2.0E+03 ± 9.7E+01 
NEUK (cells/ml) 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
DOC (mg/l) 0.90 ± 0.06 1.25 ± 0.15 2.01 ± 0.14 2.88 ± 0.12 1.52 ± 0.18 1.95 ± 0.09 
POC (mg/l) 7.53 ± 1.07 2.36 ± 0.17 2.89 ± 0.22 0.71 ± 0.04 0.97 ± 0.11 0.76 ± 0.03 
Orthophosphate (µM) 0.16 ± 0.01 0.27 ± 0.01 0.05 ± 0.00 0.23 ± 0.01 0.37 ± 0.00 0.24 ± 0.03 
Total phosphorus (µM) 0.36 ± 0.02 0.28 ± 0.02 0.13 ± 0.01 0.25 ± 0.03 0.70 ± 0.01 0.34 ± 0.01 
Silicate (µM) 16.03 ± 0.11 11.64 ± 0.98 0.66 ± 0.01 0.29 ± 0.04 1.35 ± 0.01 0.56 ± 0.01 
Ammonia (µM) 3.20 ± 0.10 2.55 ± 0.11 1.07 ± 0.05 1.53 ± 0.09 0.83 ± 0.06 1.56 ± 0.05 
Nitrite (µM) 0.31 ± 0.01 0.35 ± 0.01 0.28 ± 0.00 0.27 ± 0.01 0.28 ± 0.01 0.28 ± 0.00 
Nitrate (µM) 3.25 ± 0.15 5.77 ± 0.20 0.45 ± 0.01 0.69 ± 0.03 6.52 ± 0.11 8.03 ± 0.12 
Total nitrogen (µM) 28.19 ± 0.76 21.25 ± 0.53 43.82 ± 0.16 46.65 ± 1.28 42.08 ± 1.25 44.15 ± 0.89 
N/P ratio 79.05 ± 4.81 75.39 ± 4.07 338.88 ± 27.32 189.57 ± 20.05 60.17 ± 1.86 130.27 ± 1.71 
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River Paraguaçú P1 Wet season 21.49 . 105 ± 0.80 2.80  0.04  0.9 7.5 0.2 0.4 16 3.2 0.3 3.3 28.2 79.1 
   P2 Wet season 10 . 105 ± 1.10 2.90  0.05  2 2.9 0.1 0.1 0.7 1.1 0.3 0.4 43.8 338.9 
   P3 Wet season 8.73 . 105 > 3.00 3.20  0.03  1.5 1 0.4 0.7 1.4 0.8 0.3 6.5 42.1 60.2 
   P1 Dry season 11.88 . 105 ± 0.70 4.00 4.64 0.04  1.2 2.4 0.3 0.3 11.6 2.6 0.3 5.8 21.2 75.4 
   P2 Dry season 9.86 . 105 ± 0.45 3.80 4.7 0.06  2.9 0.7 0.2 0.2 0.3 1.5 0.3 0.7 46.6 189.6 
   P3 Dry season 7.13 . 105 > 3.00 4.10 6.21 0.04  1.9 0.8 0.2 0.3 0.6 1.6 0.3 8 44.2 130.3 





P01 Surface water  1 7.01 0.22  0   4.8   139.7 14.8 78.6   
   P03 Surface water  1 7.24 3.47  0   2   21.4 24.6 102.5   
   P07 Surface water  1 6.99 0.72  0   2   34.4 43.1 105   
   P01 Bottom water  7 7.01 0.51  0   4.7   140.1 14.7 96.1   
   P03 Bottom water  3 7.21 3.14  0   2.2   30.6 26.4 103   
   P07 Bottom water  19 6.98 0.62  0.1   2   31.1 41.9 106.4   










  8.24 7.96 374.9    2.1 0.9  0.7  29.4 7.6  





  8.83 12.26 332.3    1.9 1  0.8  15.3 5.3  




  9.28 19.43 266.8    0.1 0.6  0.2  4.4 3.8  





  9.52 16.42 282.5    4.1 1.9  0.2  1.5 3.1  




  9.25 15.01 266.1    6.8 3.1  0.2  1.3 3.6  




  9.24 16.43 271.4    4.6 2.3  0.3  0.4 4.3  









32.46 . 105  9.08 7.64 0.09 0.04   0.1    0.3 13.8   
   M2 
Located in 
North Taiwan 
34.44 . 105  8.09 9.45 0.08 0.04   0.1    0.3 17.6   
   M3 
Located in 
North Taiwan 
23.21 . 105  6.52 7.99 0.06 0.03   0.1    0.1 61   
   M4 
Located in 
North Taiwan 
45.76 . 105  8.78 7.35 0.08 0.04   0    0.3 40.2   
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   M5 
Located in 
North Taiwan 
35.33 . 105  9.13 6.92 0.08 0.04   0    0.3 35.8   
   M6 
Located in 
North Taiwan 
13.85 . 105  6.96 6.99 0.06 0.04   0    0.1 37.6   














Groundwater  Oak Ridge FW301 
Pristine 
groundwater 
  ± 7.00           6.5   







104–105 ± 12.00 3.70 0.26                   10046.6     
Abbreviations: DO, dissolved oxygen; DOC, dissolved organic carbon; N/P, nitrogen/phosphorus; POC, particulate organic carbon; PSU, practical salinity units. 
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 We also found that sand and silt percentages and bacterial and eukaryotic cell counts 
differed among sampling points (Table 1). Although none of the samples contained clay, P1 
had a lower percentage of coarse sand than the other sites and was the only site with silt during 
both seasons. Picoeukaryotes were detected only in the protected areas (in both seasons), 
whereas Synechococcus was detected only in P2 in the dry season (Table 1). Total virus counts 
were higher in samples obtained during the dry season than in those obtained during the wet 
season (S1B Fig.). In addition, bacterial cell counts were higher in samples obtained from P1 
than in samples from the protected sampling points (Fig. 2 and S1A Fig.). Analysis of trace 
elements is shown in S2 Table. 
  
Microbial community structure 
 The 454 pyrosequencing of the 16S rRNA gene revealed similar profiles at high 
taxonomic levels (phylum and some classes) among the samples (Fig. 3 and S3 Table), and 
statistical differences were not found between any of the diversity indices tested (S4 Table). 
The phylum Proteobacteria (primarily Betaproteobacteria) accounted for 79.54% of the OTUs 
and was observed in all samples analyzed (Fig. 3A). Burkholderiales, an order within 
Betaproteobacteria, was most frequently detected, contributing 70% of all OTUs (S3 Table). 
The OTUs from this order belonged mainly to the families Comamonadaceae (represented by 
the genus Limnohabitans and other genera) and Burkholderiaceae (represented by the genus 
Polynucleobacter). The abundance of Comamonadaceae was similar across sampling points 
during the wet season (P1 (30.09%), P2 (44.38%), P3 (24.10%), p > 0.05) and dry season (P1 
(45.44%), P2 (46.07%), P3 (36.60%), p > 0.05). The abundance of the genus Limnohabitans 
was similar between seasons (p > 0.05) and across sampling sites (p > 0.05): P1 (0.81% and 
2.29% in the wet and dry seasons, respectively), P2 (2.88% and 1.53%), and P3 (1.65% and 
1.04%). The abundance of the genus Polynucleobacter was also similar between seasons (p > 
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0.05) and across sampling sites (p > 0.05): P1 (40.96% and 35.82% in the wet and dry seasons, 
respectively), P2 (14.6% and 16.98%), and P3 (50.43% and 31.42%). In contrast, genus 
Flavobacterium sp. (phylum Bacteroidetes) was more abundant during the dry season in P1 
than in P2 and P3 (p < 0.05, S4 Fig.). The other orders within Betaproteobacteria, such as 
Methylophilales and candidate division MND1, comprised 5.71% of the total sequences. 
 
Fig. 3. Taxonomic classification based on sequence analysis of 16S rRNA genes detected in Paraguaçú River 
water samples obtained from three sampling points (P1, unprotected area; P2 and P3, protected area) 
during both wet and dry seasons. A) Total relative abundance of taxonomic groups (kingdom, phylum, class, 
family, and genus). B) Relative abundance of taxonomic groups (kingdom, phylum, and class) without the 
contribution of the Comamonadaceae family and Polynucleobacter genus. C) Principal coordinates analysis 
(PCoA) of relative abundances of taxonomic groups (at the order level). PCoA plot of community similarities 
(unweighted UniFrac distance matrices). The relative abundance of each taxonomic level (kingdom, phylum, class, 
and order) for each sample and their taxonomic assignments were determined by QIIME 1.7.0 software with the 







 Other classes of Proteobacteria that were detected in our samples included 
Gammaproteobacteria and Deltaproteobacteria, which represented about 2.4% and 0.86% of 
the sequences, respectively (Fig. 3B and S3 Table). The class Alphaproteobacteria accounted 
for about 4.2% of total sequences. Verrucomicrobia was the second most abundant phylum, 
comprising about 3.63% of the total sequences. The phyla Actinobacteria and Acidobacteria 
were less abundant (3.25% and 3.18% of the total sequences, respectively). Taken together, the 
relative abundance of the other phyla was about 7.0% (Fig. 3B and S3 Table). No taxonomical 
differences were found between the wet and dry seasons.  
 The microbial structure of samples obtained from the protected areas differed from that 
of the unprotected area (Fig. 3C). Although the relative abundance of Burkholderiales 
(Betaproteobacteria) was similar across samples, the three sampling points were clustered 
according to order. The following orders were more abundant in the protected areas P2 and P3: 
Methylophilales (Betaproteobacteria), Xanthomonadales (Gammaproteobacteria), 
Acidimicrobiales (Actinobacteria), Sphingomonadales (Alphaproteobacteria), Pedosphaerales 
(Verrucomicrobia), Acidobacteriales (Acidobacteria), and Chthoniobacterales 
(Verrucomicrobia) (Fig. 3C). On the other hand, the orders Actinomycetales (Actinobacteria) 
and Rhodocyclales (Betaproteobacteria) were more abundant in the unprotected area P1. No 
segregation was observed according to season (dry versus wet). A similar pattern was seen in 
the OTU-level analysis (S5 Fig.). However, the OTU-level analysis shows the influence of 
genus Candidatus Rhodoluna (order Actinomycetales) and genus C39 (order Rhodocyclales) in 
the clustering of samples from the unprotected area P1. 
 The taxonomic profile from metagenomic data (S6 Fig.) revealed that Polynucleobacter 
necessaries was the species most frequently detected, contributing 17.12% of all OTUs (S5 
Table). The most abundant genera according to percentage of total OTUs were 
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Polynucleobacter (17.12%), Acidovorax (5.94%), Burkholderia (3.22%), Polaromonas, 
(3.07%), and Ralstonia (1.80%). Differences among samples were observed only in the dry 
season, during which Arthrobacter sp. was more abundant in P1 than in P2 and P3 (S7 Fig.). 
 
Functional classification of metagenome data 
 After quality control filtering, approximately 82.54% of the sequences (1.56 × 107) were 
annotated with an assigned function using the SEED database (Fig. 4A). Most of the annotated 
sequences (51.4%) were assigned to one of the following categories: protein metabolism; 
carbohydrates; amino acids and derivatives; cofactors, vitamins, prosthetic groups, pigments; 
RNA metabolism; or miscellaneous. Proteins with unknown function accounted for about 
15.5% of the annotated sequences. In the wet season, sequences assigned to the cell wall and 
capsule category and the cofactor, vitamins, prosthetic groups, pigments category were more 
abundant in sampling points P1 and P3 than in P2 (Fig. 4B), whereas in dry season sequences 
related to potassium metabolism were more abundant in P2 and P3 than in P1 (Fig. 4C). A 
comparison of samples by season showed that annotated sequences related to the metabolism 
of aromatic compounds were more abundant in the dry season (S8 Fig.). 
 
Fig. 4. Functional diversity of the Paraguaçú River’s metagenomes (P1, unprotected area; P2 and P3, 
protected area) in both wet and dry seasons. Classification was based on the SEED database level 1 in the 
MG-RAST server. A) Relative abundance of genes grouped by functional role. B) Comparative analysis of 
functional profiles of Paraguaçú River water samples obtained in the wet season. C) Comparative analysis of 
functional profiles of Paraguaçú River water samples obtained in the dry season. Samples were compared by t-test 




 Although they were not abundant, several genes that appear to be related to pesticide 
degradation were detected (Figs. 5 and 6). In both seasons, genes related to arsenic resistance, 
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copper homeostasis, and propanediol utilization were more abundant in P1. Genes related to 
biphenyl degradation and toluene 4-monooxygenase (T4MO) were also more abundant in P1 
but only during the wet season (Fig. 5). Genes related to cadmium resistance were more 
abundant in P1 during the dry season (Fig. 6). 
 
Fig.5. Comparative analysis of pesticide-related genes in Paraguaçú River water samples obtained in the 
wet season. Samples were compared by ANOVA, followed by the Tukey–Kramer post hoc test (p < 0.05) without 
correction for multiple comparisons. Taxa with small effect sizes were removed by filtering (effect size = 8.00) 





Fig. 6. Comparative analysis of pesticide-related genes in Paraguaçú River water samples obtained in the 
dry season. Samples were compared by ANOVA, followed by the Tukey–Kramer post hoc test (p < 0.05) without 
correction for multiple comparisons. Taxa with small effect sizes were removed by filtering (effect size = 8.00) 
using STAMP software. 
 
 
 In contrast, the protected area P2 showed a higher abundance of genes related to 
potassium homeostasis and the benzoate transport and degradation cluster in both seasons, 
compared with the other sampling sites (Figs. 5 and 6). Similarly, genes related to cobalt-zinc-
cadmium resistance were more abundant in both protected areas during the dry season 
58 
 
compared to the unprotected area. However, the abundance pattern of genes involved in the 
chlorobenzoate degradation pathway was different, with higher abundance during the dry 
season in P1 and P3 compared with P2. 
 Genes related to nitrogen, sulfur, and phosphorus metabolism were also evaluated (S9 
and S10 Figs.). Regarding genes involved in nitrogen uptake and assimilation (S9A and S10A 
Figs.), ammonia assimilation, nitrogen fixation, and nitrosative stress genes were more 
abundant in P1 during the wet season. The relative abundance of nitrate and nitrite 
ammonification genes was higher in P2 than in P3 during the wet season, but was higher in P2  
than in P1 during the dry season. During the dry season, urea decomposition and urease subunits 
genes were most abundant in P2. 
 Regarding sulfur-related genes (S9B and S10B Figs.), P1 showed the highest abundance 
of inorganic sulfur assimilation and alkanesulfonate utilization in the wet season and the highest 
abundance of sulfur oxidation and alkanesulfonate utilization genes in the dry season. Although 
sulfur oxidation genes were more abundant in P1 than in P2 in the dry season, genes for 
alkanesulfonate assimilation were more abundant in P2 in the wet season. 
 Finally, regarding phosphorus metabolism (S9C and S10C Figs.), genes involved in 
alkyphosphonate utilization were most abundant in P3 in wet season. In the dry season, genes 
involved in phosphate metabolism were more abundant in P2 than in P1. 
 
Discussion 
 The high abundance of Burkholderiales in samples obtained from all three sampling 
sites in this study suggests that these microbes are members of the natural microbiome of the 
Paraguaçú River. However, we cannot rule out that the abundance of this group is due to i) 
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runoff from agriculture lands or ii) enrichment of nutrients and presence of pesticides that could 
promote their growth in the river. Some Burkholderiales members (e.g. genus Burkholderia) 
are associated with plant roots [52] and could be related to disease resistance or plant disease 
[53]. Polynucleobacter (Burkholderiaceae) and Comamonas (Comamonadaceae), which form 
symbiotic relationships with plants, are found in fresh water [54, 55] and possess genes related 
to the degradation of pesticides used in agriculture [56]. The genus Limnohabitans (family 
Comamonadaceae) prefers freshwater environments that are nonhumic and nonacidic (pH > 6) 
[57]. Limnohabitans often coexists with genus Polynucleobacter, which prefers acidic habitats 
(pH < 6), but they show different abundances according to the habitat features [58].  
 Although no differences were observed between ecological parameters of samples 
collected in the dry season, the genus Flavobacterium (phylum Bacteroidetes) was more 
abundant in samples collected outside the PNCD (P1) in the dry season. The Flavobacterium 
genus includes both nonpathogenic species and several species that cause fish diseases such as 
columnaris disease, which is caused by Flavobacterium columnare and typically occurs in 
warm waters (20ºC –25ºC) [59]. This genus has also been detected in arsenic-contaminated 
groundwater [60]. 
 The protected sampling points located just inside the PNCD (P2 and P3) exhibited lower 
nutrient concentrations in both wet and dry seasons compared with the unprotected location 
(P1), which is near agriculture land and may therefore be affected by chemical fertilizers (S11 
Fig.). The concentrations of several nutrients (e.g. ammonia, nitrite, nitrate, and POC) and the 
bacterial cell count were highest in samples obtained from P1. Soil fertilization is a common 
practice in agriculture to increase plant development, but if those nutrients reach the river, as is 
frequently observed in the wet season, they can stimulate bacteria growth and eutrophication, 
promoting changes in biodiversity [61, 62]. The process of eutrophication can render unfeasible 
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the use of water for drinking and agricultural activities (e.g. irrigation) because of the presence 
of bacterial toxins (e.g. microcystin, saxitoxin) [63]. Eutrophication also affects several food 
webs, thereby affecting nutrient cycling [64]. Several genes related to the utilization of nutrients 
such as nitrogen (wet season) and sulfur (both seasons) were more abundant in P1 than in the 
protected sites. Agricultural management could also increase the level of particulate organic 
matter (POM), quantified by POC, in the river. Microorganisms, which have been shown to 
colonize POM particles for use as a carbon source, play a role in POM dynamics, leading to 
increased POM levels in the water [65]. Thus our findings suggest a microbial community 
response to agriculture. In addition, the high amount of copper in Paraguaçú River sediment at 
the unprotected (P1) site suggests the presence of agricultural pesticides. Copper can persist in 
the environment for many years and can be toxic to aquatic organisms in high concentrations 
[66]. Genes related to copper homeostasis indicate a possible influence on the microbiota (e.g. 
development of copper resistance) [67]. Furthermore, the genus Ralstonia (family 
Burkholderiaceae) was one of the most abundant genera detected. The species Ralstonia 
pickettiia has been reported in areas with high concentrations of copper, iron, nickel, and zinc 
and is able to degrade aromatic hydrocarbons and chlorinated phenolic compounds [68-70]. In 
the protected sites, the scarcity of available organic carbon and other compounds (e.g. ammonia 
and nitrite) may explain, at least in part, the increase in stress response genes during the dry 
season (S12 Fig.).  
 Pesticide-related genes, such as those involved in arsenic resistance, propanediol 
utilization, biphenyl degradation, T4MO, and cadmium resistance, were more abundant in P1 
than in the protected sites. These genes are related to the degradation of compounds commonly 
used in agriculture such as fungicides, bactericides, pesticide solvents, and fertilizers [71-77]. 
Moreover, our results showed a higher abundance of the genus Arthrobacter in P1 in the dry 
season. Arthrobacter (phylum Actinobacteria) is able to degrade atrazine, one of the most 
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commonly used pesticides in several countries. Several studies have described the 
bioremediation of atrazine-contaminated soil with Arthrobacter spp. [78, 79]. Other genera 
detected include Acidovorax and Polaromonas (both from family Comamonadaceae), which 
are known for their arsenite-oxidizing abilities [60, 80]. Genes related to sulfur oxidation and 
alkanesulfonate utilization were also more abundant in P1 in both seasons, suggesting that 
agricultural activities increase the amount of sulfonate compounds in the environment and lead 
to their accumulation in freshwater [81]. Several of these sulfur-related genes were identified 
as belonging to Actinomycetales, and the presence of Candidatus Rhodoluna (order 
Actinomycetales) helps separate the unprotected sampling site (P1) from the protected sites (P2 
and P3). The most protected site (P3) showed lower levels of pesticide-related genes than the 
other sampling points, indicating the efficacy of PNCD protection. However, even with PNCD 
protection, signs of anthropogenic activity were observed within the park. For example, P2 had 
a relatively high abundance of benzoate-related and potassium-related genes. Benzoate is an 
anion present in emamectin benzoate, an insecticide used against the Lepidoptera Helicoverpa 
armigera [82]. This compound can persist in the environment by binding to particulate material 
or surfaces, with detrimental effects in aquatic environments [83, 84]. Potassium is used in 
agriculture because of its importance in several physiological processes in plants and in the 
water-holding capacity of soils [85]. Runoff may be a source of agriculture-related benzoate 
and potassium, influencing the bacterial community present in this theoretically protected 
environment. 
 We compared our results with those of other metagenomic studies reporting the 
physicochemical properties of freshwater samples. Despite evidence of anthropogenic actions 
in the PNCD, water quality parameters of the Paraguaçú River are more similar to those of the 
Feitsui reservoir [49] than the Pearl estuary [47]. The Feitsui reservoir supplies water to several 
cities and is used to generate electricity, reflecting its relatively good water quality, whereas the 
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Pearl estuary is intensely polluted with sewage and industrial waste. However, few parameters 
were evaluated across all studies, making detailed comparisons difficult. 
 This is the first metagenomic study conducted within the PNCD, which is part of the 
Caatinga biome. Our results showed important changes in microbial community structure and 
gene content in an unprotected area near the park, illustrating the importance of park protection 
to maintain microbial diversity and water quality. Although the PNCD provides some 
protection of water quality, agricultural activities around the park are still able to affect water 
quality within the park and may account for the presence of bacteria capable of pesticide 
degradation and assimilation. Thus, the present study provides evidence of the anthropogenic 
impact on the Caatinga and demonstrates the need for additional protection of areas near the 
border of PNCD. 
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S1 Fig. Microorganism counts and organic carbon content in water samples obtained from the Paraguaçú 
River. A) Bacterial counts. B) Virus counts. C) Particulate organic carbon (POC). D) Dissolved organic carbon 










S2 Fig. Nitrogen content in water samples obtained from the Paraguaçú River. A) Ammonia. B) Nitrate. C) 
Nitrite. D) Total nitrogen. Samples were compared by ANOVA (α < 0.05), followed by the Tukey post hoc test 











S3 Fig. Phosphorus and silicate content in water samples obtained from the Paraguaçú River. A) 
Orthophosphate. B) Total phosphorus. C) Silicate. Samples were compared by ANOVA (α < 0.05), followed by 







S4 Fig. Comparative analysis of 16S rRNA taxonomic profiles of Paraguaçú River water samples obtained 
in the dry season. Samples were compared by ANOVA, followed by the Tukey–Kramer post hoc test (p < 0.05) 
and Bonferroni correction for multiple comparisons. Taxa with small effect sizes were removed by filtering (effect 
size = 8.00) using STAMP software. OTUs were classified at the order level (3% dissimilarity) using the 




S5 Fig. Principal coordinates analysis (PCoA) of relative abundances of taxonomic groups (at the genus 
level). The relative abundance of each genus for each sample and their taxonomic assignments was performed 




S6 Fig. Microbial community profile from metagenome sequencing. OTUs were classified at the species level 
in MG-RAST using the M5NR database with default sequence quality thresholds and assigned with MEGAN 
5.10.6. 





S7 Fig. Comparative analysis of metagenome taxonomic profiles of Paraguaçú River water samples 
obtained in the dry season. Samples were compared by ANOVA, followed by the Tukey–Kramer post hoc test 
(p < 0.05) and Bonferroni correction for multiple comparisons. Taxa with small effect sizes were removed by 
filtering (effect size = 8.00) using STAMP software. OTUs were classified at the order level in MG-RAST using 
the M5NR database and default sequence quality thresholds. 
 
 
S8 Fig. Functional diversity of the Paraguaçú River’s metagenomes in both wet and dry seasons. 
Classification was based on the SEED database level 1 in the MG-RAST server. A) Relative abundance of genes 
grouped by functional role. B) Comparison of genes involved in the metabolism of aromatic compounds in water 
samples obtained in the wet and dry seasons. Samples were compared by t-test (p < 0.05), followed by the 





S9 Fig. Comparative analysis of functional profiles of Paraguaçú River water samples obtained in the wet 
season. Samples were compared by ANOVA, followed by the Tukey–Kramer post hoc test (p < 0.05) without 
correction for multiple comparisons. Taxa with small effect sizes were removed by filtering (effect size = 8.00) 
using STAMP software. A) Nitrogen metabolism-related genes. B) Sulfur metabolism-related genes. C) 




S10 Fig. Comparative analysis of functional profile of Paraguaçú River samples obtained in the dry the 
season. Samples were compared by ANOVA, followed by the Tukey–Kramer post hoc test (p < 0.05) without 
correction for multiple comparisons. Taxa with small effect sizes were removed by filtering (effect size = 8.00) 
using STAMP software. A) Nitrogen metabolism-related genes. B) Sulfur metabolism-related genes. C) 
















S12 Fig. Functional diversity of the Paraguaçú River’s metagenomes in samples obtained from an 
unprotected area (P1) and protected areas (P2 and P3) in both wet and dry seasons. Classification was based 
on the SEED database level 1 in the MG-RAST server. A) Relative abundance of genes grouped by functional 
role. B) Comparison of genes involved in photosynthesis detected in water samples from the unprotected and 
protected areas obtained in the wet season. C) Comparison of genes involved in motility and chemotaxis; potassium 
metabolism; stress response, and virulence, disease, and defense detected in water samples from the unprotected 
and protected areas obtained in the dry season. Samples were compared by t-test (p < 0.05), followed by the 




S1 Table. Number of sequences obtained by metagenome sequencing. Metagenomic DNA libraries were constructed with the Nextera DNA Sample Preparation Kit (Illumina) and 2 × 250 bp 
paired-end sequencing by Illumina MiSeq system according to the manufacturer's instructions.  
Season 
P1.1 P1.2 P2.1 P2.2 P3.1 P3.2 Total 
(Number of sequences) (Number of sequences) (Number of sequences) (Number of sequences) (Number of sequences) (Number of sequences) (Number of sequences) 
Wet 2.60E+06 1.00E+06 3.00E+06 1.10E+06 1.90E+06 6.20E+05 1.00E+07 
Dry 3.40E+06 1.40E+06 2.70E+06 1.00E+06 2.40E+06 7.50E+05 1.20E+07 
Total  -  -  -  -  -  - 2.20E+07 
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S2 Table. Metal, sulfur, and phosphorus concentrations of sediments in water samples from the Paraguaçú River. ND = Not detected. * Data from one replicate. 
 
Compounds P1 P2 P3 
 Nov 2012 Feb 2013 Nov 2012 Feb 2013 Nov 2012 Feb 2013* 
Al (μg/g) 3457.96 ± 33.41 6121.50 ± 1851.28 2051.65 ± 25.90 1143.23 ± 61.71 3199.14 ± 191.82  3228.818  
Ba (μg/g)  ND  10.98 ± 1.09  ND   ND   ND   5.507  
Ca (μg/g) 51.46 ± 5.17 41.12 ± 8.42 29.46 ± 0.76 23.94 ± 4.90 58.47 ± 2.78  28.521  
Cd (μg/g) 0.20 ± 0.03  ND  0.24 ± 0.01  ND  0.33 ± 0.05  ND  
Cr (μg/g) 1.10 ± 0.11 3.82 ± 0.03 0.44 ± 0.03 0.62 ± 0.00 1.18 ± 0.19  2.248  
Cu (μg/g) 0.53 ± 0.04 1.76 ± 0.23  ND  0.64 ± 0.08  ND   0.864  
Fe (μg/g) 1082.18 ± 25.86 1666.64 ± 443.40 778.06 ± 120.02 88.09 ± 86.72 668.61 ± 63.24  722.313  
Mn (μg/g)  ND  5.63 ± 0.07  ND  1.61 ± 0.30  ND   3.693  
Ni (μg/g) 1.50 ± 0.18 2.49 ± 0.09 1.22 ± 0.22 2.13 ± 0.14 1.62 ± 0.09  1.966  
P (μg/g) 21.06 ± 2.50 16.97 ± 0.91 19.73 ± 1.75 10.86 ± 0.02 25.96 ± 2.93  23.264  
Pb (μg/g)  ND  8.40 ± 0.28  ND  8.05 ± 0.08  ND   7.731  
S (μg/g) 8.37 ± 1.02 28.28 ± 7.07 21.34 ± 0.40 38.70 ± 4.52 44.18 ± 6.71  34.001  
Sr (μg/g)  ND  2.02 ± 0.21  ND  9.33 ± 0.61 0.54 ± 0.32  17.169  
Ti (μg/g) 163.41 ± 14.46 164.32 ± 29.57 129.51 ± 11.43 31.77 ± 9.17 266.63 ± 27.33  310.633  
V (μg/g) 3.61 ± 0.19 4.91 ± 0.44 2.52 ± 0.21 1.23 ± 0.11 3.65 ± 0.32  4.490  
Zn (μg/g) 1.81 ± 0.06 0.41 ± 0.99 0.31 ± 0.20 1.23 ± 0.35 2.77 ± 0.19   1.564   
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S3 Table. Relative abundance of OTUs and sequence information of Paraguaçú River microbiota. OTUs 
were classified at the level of genus using the Greengenes database (May 2013) at 3% dissimilarity performed by 
QIIME 1.7.0 software. 


















S4 Table. Diversity indices of water samples obtained from the Paraguaçú River at 3% dissimilarity for the 16S rRNA gene. 
Samples Season OTUs observed Chao1 Shannon index Singletons Doubletons Coverage 
P1 
Wet 
339.2 ± 22.5 910.084 ± 57.11 3.948 ± 0.21 237.4 ± 16.8 48.8 ± 3.7 0.91 ± 0.0 
P2 307.65 ± 31.2 633.591 ± 75.35 4.262 ± 0.15 185.9 ± 21 52.5 ± 4.9 0.93 ± 0.0 
P3 239.75 ± 37 510.443 ± 67.05 3.377 ± 0.44 146.5 ± 17.7 38.9 ± 5 0.95 ± 0.0 
                    
P1 
Dry 
205.7 ± 12.3 588.732 ± 13.66 3.267 ± 0.05 143.8 ± 8.3 26.9 ± 3 0.95 ± 0.0 
P2 229.95 ± 27.8 465.003 ± 64.66 3.828 ± 0.23 136.4 ± 17.4 39.2 ± 4.1 0.95 ± 0.0 
P3 348.2 ± 33.7 684.439 ± 31.14 4.198 ± 0.36 203.2 ± 13 61.2 ± 8.1 0.92 ± 0.0 
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S5 Table. Relative abundance of OTUs and sequence information of Paraguaçú River metagenome. OTUs 
were classified at the species level using the M5NR database with default sequence quality thresholds performed 
using the MG-RAST server. 
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Tide pools represent unique environments that are susceptible to temperature and salinity 
variations, desiccation, and hypoxia. No published studies have described the microbial 
communities in this environment. In this work we performed the first metagenomic study of the 
tide pool environment, describing the taxonomic and functional characteristics of the microbial 
community in the Ocean Beach Tide Pool Area (San Diego, CA). Sequencing revealed that the 
most abundant species were Alteromonas macleodii, Pseudomonas stutzeri, and Glaciecola 
psychrophila, which belong to Gammaproteobacteria. The most abundant SEED level 1 
functional categories were carbohydrates, amino acids and derivatives, and protein metabolism. 
No species profile pattern was found in the tide pool metagenomes. At SEED level 3 functional 
classification, the tide pool group (containing 15 of 19 metagenomes) is clearly distinguished, 
supported by a bootstrap value of 94%. The variables responsible for clustering of the tide pool 
group are related to stress conditions. Moreover, when the tide pool group was compared with 
other metagenomes (seawater and freshwater), several genes from the membrane transport, 
motility and chemotaxis, and stress response categories were more abundant than other groups. 
However, the functional diversity index was similar among these communities. Sunlight, 
nutrient starvation, and salinity may be crucial in determining the microbial community 
structure in this environment, primarily regarding the functional profile, because tide pools are 
disconnected from the sea for extended periods during low tide, which results in evaporation 
and altered nutrient recycling. Thus, these environmental stressors could be fundamental in 
shaping the tide pool community. 
  








 Tide pools represent a stressful environment that exposes its inhabitants to temperature 
and salinity variations, desiccation, and hypoxia [1,2]. Because tide pools are small and 
accessible, this environment is amenable to ecological studies [3,4]. Previous studies of tide 
pools generally focused on macroorganisms such as copepods, algae, shrimp, and fish [5–9].  
 Intertidal zones are influenced by their inhabitants. Organisms utilize nutrient sources 
in different ratios, directly affecting nutrient availability in tide pools [10,11]. For example, 
Bjork et al. reported that the alga Ulva intestinalis raises the pH in tide pools and decreases the 
concentration of inorganic carbon [12], which could be fundamental in shaping microbial 
communities. The few studies that have characterized microorganisms in tide pools focused on 
biotechnological applications [13,14] rather than describing the microbial communities.  
 The aim of this work was to perform the first metagenomic study of the tide pool 
environment. Specifically we described the taxonomic and functional profiles of the microbial 
community in the Ocean Beach Tide Pool Area (San Diego, CA). In addition, we compared the 
tide pool metagenomes with seawater and freshwater metagenomes to identify specific features 
of tide pool microorganisms. 
  
Materials and Methods 
 
Study area and samples collection 
 Microbial communities were collected from the intertidal region (tide pool area) of 
Ocean Beach, San Diego, CA (32.747, -117.254). Samples were collected on September 8, 
2014 (water level, 11 cm) and September 11, 2014 (water level, 5 cm). 
 A total of 19 samples were collected from tide pools and intertidal organisms between 
the high tide mark and the waterline (Table 1). Samples from tide pools were captured in 0.22-
µm Sterivex filters (Millipore) with 60-µL syringes. Microbes associated with tide pool 
organisms were collected on site using two methods. Microbes from organisms larger than 3 
cm in diameter were isolated with a two-way syringe: sterile seawater was loaded into the 
syringe and washed over the target organism, dissociating microbes, which were aspirated back 
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into the syringe. Organisms smaller than 3 cm in diameter were placed into a 50-mL conical 
tube of sterile seawater and inverted approximately 10 times to dissociate the surface microbes. 
In both methods, the dissociated microbes were captured in 0.22-µm Sterivex filters, which 
were placed on ice and stored at -80°C until the DNA was extracted. 
 
Table 1. Source of metagenomic DNA from the tide pool area and number of sequences obtained by 
metagenome sequencing. Metagenomic DNA libraries were prepared with the Nextera XT DNA Library 
Preparation Kit (Illumina) and 2 × 300 bp paired-end sequencing using an Illumina MiSeq. 
Metagenomes 
Number of sequences 




applying the quality 
threshold 
Anemone 1 5.90E+05 4.08E+05 
Anemone 2 3.68E+06 3.09E+06 
Brittle Star 2.03E+06 1.77E+06 
Brown Algae 4.25E+06 3.01E+06 
Crab 1 2.63E+05 2.31E+05 
Crab 2 5.63E+06 4.26E+06 
Limpet 1 1.77E+06 1.54E+06 
Limpet 2 1.37E+06 1.30E+06 
Mussel 1.97E+05 1.76E+05 
Nudibranch 1.90E+06 1.69E+06 
Sculpin 2.45E+06 2.13E+06 
Seagrass 1 1.58E+06 1.40E+06 
Seagrass 2 1.07E+06 7.62E+05 
Sea Snail 4.07E+06 2.57E+06 
Small Hermit Crab 1 4.61E+05 4.17E+05 
Small Limpet 3.73E+05 3.19E+05 
Small Hermit Crab 2 6.27E+04 5.51E+04 
Velella 2.20E+06 1.95E+06 
Water 2.21E+06 1.85E+06 
Total 3.62E+07 2.89E+07 
 
DNA extraction, metagenome sequencing, and sequence analysis 
 The metagenomic DNA was extracted using the NucleoSpin Tissue Kit (MACHEREY-
NAGEL, Bethlehem, PA), according to the manufacturer’s instructions. Metagenomic DNA 
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libraries were prepared with the Nextera XT DNA Library Preparation Kit (Illumina) and 2 × 
300-bp paired-end sequencing using an Illumina MiSeq according to the manufacturer’s 
instructions. The output generated by Illumina MiSeq sequencing was 3.62 × 107 sequences 
(Table 1). 
 The paired-end merge was performed using PEAR v.0.9.6 [15] using default parameters 
(minimum overlap size, 10; minimum possible length of the assembled sequences, 50; p-value, 
0.01). Output files of each sample (PEAR assembled sequences + unassembled P1 + 
unassembled P2) were then merged into a single file. Quality analysis was performed using 
Prinseq-lite v.0.20.4 [16] with the following parameters: minimum sequence length, 75; 
minimum mean quality score, 30; maximum percentage of Ns, 1; trim 10 nucleotides from left; 
trim 10 nucleotides from right. Lastly, the metagenome data (2.89 × 107 sequences) were 
analyzed at the species level with functional annotation (Table 1). 
 Species profiles were generated by FOCUS v.0.29 [17] against all completed genomes 
in the RefSeq database [18] using default parameters (k-mer frequency, 7; minimum relative 
abundance, 1%). Functional annotation was performed using SUPER-FOCUS v.0.25 [19] 
against the SEED database [20] with the RAPSearch2 aligner [21] and default parameters 
(minimum identity, 60%; minimum alignment, 15 amino acids; e-value, 0.00001; database, 
98%). 
 We performed principal component analysis (PCA) of taxonomic and functional 
profiles (species and SEED level 3, respectively) using a correlation matrix with the factoextra 
package [22] in R statistical software [23]. In addition, we performed cluster analysis for each 
profile (species and SEED level 3) by Euclidian distance, Unweighted Pair-Group Method with 
Arithmetic mean (UPGMA) algorithm, and bootstrap of 1,000,000. The cluster analysis was 
performed in R statistical software [23] using the pvclust package [24]. Only the clusters with 
a bootstrap value > 90% were selected. 
 The relative abundance of functional profiles (SEED level 1 and 3) between two groups 
was compared by Welch’s t-test (p < 0.05), asymptotic confidence intervals (95%), and the 
Bonferroni correction in STAMP software [25]. Classification labels with small effect sizes 
were removed by filtering (difference between proportions < 1.0, or ratio of proportions < 2.00 
for level 1 and < 4.00 for level 3). All outliers were removed in these analyses. 
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Functional and taxonomic diversity of tide pools 
 The diversity index was calculated in R software [23] using the vegan package [26]. We 
calculated the Shannon–Wiener index (H') [27] for taxonomic and functional profiles (species 
and SEED level 3, respectively) for each group described in the SEED level 3 cluster analysis. 
The indices of all groups analyzed (both profiles) were compared by factorial ANOVA (p < 
0.05), followed by the Tukey post hoc test in R software [23]. 
 
Other metagenome data 
 To detect specific features of the tide pool microbial community, we compared Pacific 
seawater metagenomes from Sunagawa et al. [28] (S1 Table) with the tide pool metagenomes. 
Metagenomes from three different water layers were used for this comparison: surface water 
layer (SRF), deep chlorophyll maximum layer (DCM), and mesopelagic zone (MES). Four 
freshwater metagenomes from the Paraguaçú River in the wet season (two metagenomes) and 
dry season (two metagenomes) from Lopes et al. [29] were used as outgroups (S1 Table). 
 
Results 
Tide pool microbial profiles 
 Results of metagenomic DNA sequencing revealed the most common species and 
functional categories in the tide pool samples (Fig. 1; S2 and S3 Tables). The relative abundance 
of Alteromonas macleodii was the highest among all species annotated (6.31%). The following 
five species also showed a relative abundance > 2.00%: Pseudomonas stutzeri (5.96%), 
Glaciecola psychrophila (3.30%), Staphylococcus pseudintermedius (2.82%), Flavobacterium 
branchiophilum (2.33%), and Leptospira biflexa (2.30%) (Fig. 1 and S2 Table). The sum of the 
relative abundances of the remaining species was 76.97%. Regarding functional annotation 
(Fig. 1 and Table S3), most sequences were classified into one of the following categories: 
carbohydrates (11.01%); amino acids and derivatives (10.30%); protein metabolism (8.89%); 
cofactors, vitamins, prosthetic groups, pigments (6.70%); DNA metabolism (5.19%); 
membrane transport (5.08%); or respiration (5.01%). Proteins with unknown function 
accounted for approximately 6.44% of the annotated sequences. The sum of the relative 
abundances of other SEED level 1 categories was 41.39%. SEED level 1 classification for each 
tide pool metagenome showed that the most abundant categories were carbohydrates, amino 
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acids and derivatives, and protein metabolism in all metagenomes (S1 Fig.); however, Limpet 
1 had a standard profile that differed from the other metagenomes, with protein metabolism as 
the most abundant category.  
 
Fig. 1. Species and functional classification based on all tide pool metagenomes. Species classification was 
performed in FOCUS v.0.29 against all completed genomes in the RefSeq database using default parameters. 
Functional classification was based on the SEED database level 1 in SUPER-FOCUS v.0.25 using RAPSearch2 












Clustering of tide pool, sea, and freshwater metagenomes 
 The tide pool metagenomes showed no pattern regarding species profiles (Figs. 2 and 
S2); however, some clusters were apparent. Brown Algae and Seagrass 2 clustered together 
with bootstrap support of 100% (S2 Fig.). Another cluster according to PCA and cluster analysis 
was Anemone 1 and Nudibranch, with bootstrap support of 100% (Figs. 2 and S2). Among the 
seawater metagenomes, no metagenomes from the DCM or SRF were grouped. Within the 
DCM, TARA_138_DCM clustered with TARA_132_DCM, and TARA_109_DCM clustered 
with TARA_109_SRF_2, with bootstrap support > 90%. MES metagenomes clustered together 
with bootstrap support of 100%, and the TARA_137_DCM metagenome clustered with the 
MES group (Figs. 2 and S2). Freshwater metagenomes were clustered with bootstrap support 
of 100% (Figs. 2 and S2), with two groups representing the wet and dry seasons within the 
freshwater cluster. 
 
Fig. 2. Principal component analysis (PCA) of relative species abundances from the tide pool, seawater, and 
freshwater metagenomes. PCA was performed using a correlation matrix with factoextra package in R statistical 












 Regarding SEED level 3 functional classification, our results showed several groups 
with bootstrap support > 90% (Figs. 3 and S3). Most tide pool metagenomes (15 metagenomes) 
were clustered with bootstrap support of 94% (S3 Fig.), and the TARA_109_SRF_1 
metagenome was grouped with tide pool metagenomes. Within this tide pool group (Group 1) 
were three small groups. One group consisted of Sculpin, Brittle Star, and Seagrass 1 (bootstrap 
support of 98%), and the other groups consisted of Seagrass 2 and Brown Algae (bootstrap 
support of 100%), and Nudibranch and Anemone 1 (bootstrap support of 98%). Variables 
responsible for the clustering of Group 1 included arsenic resistance, bacterial chemotaxis, 
cobalt-zinc-cadmium resistance, and biogenesis of cbb3−type cytochrome c oxidases (Fig. 3). 
Four tide pool metagenomes did not cluster with other groups (Fig. 3). Two metagenomes were 
closer to Group 1 (Crab 1 and Small Limpet), and the other two metagenomes were closer to 
seawater metagenomes (Limpet 2 and Water). 
 
Fig. 3. Principal component analysis (PCA) of relative abundances of functional content (SEED database 
level 3 classification) from tide pool, seawater, and freshwater metagenomes. PCA was performed using a 
correlation matrix with factoextra package in R statistical software. The 20 most influential variables are shown. 











 Other groups formed by cluster analysis (S3 Fig.) included seawater metagenomes that 
clustered into two groups (Fig. 3). One seawater group consisted of all MES metagenomes and 
one DCM metagenome (TARA_137_DCM), with bootstrap support of 100% (Group 2). 
Another group consisted of the remaining seawater metagenomes (DCM and SRF), with 
bootstrap support of 100% (Group 3). Variables responsible for the clustering of Group 2 were 
type II fatty acid biosynthesis (FASII) and modification of eukaryotic initiation factor 5A. 
Variables responsible for the clustering of Group 3 variablewere purine conversions and 
isoprenoid biosynthesis. Freshwater metagenomes clustered together with bootstrap support of 
100% (Figs. 3 and S2) (Group 4), with two groups representing the wet and dry seasons. Almost 
all variables responsible for the clustering of Group 4 were related to putative genes (Fig. 3). 
Other variables influencing the clustering of Group 4 were YrdC−YciO−Sua5 and associated 
protein families, tricarballylate utilization, single-rhodanese–domain proteins, nonmevalonate 
branch of isoprenoid biosynthesis, TenI-like tautomerase, pterin metabolism, and tRNA 
aminoacylation, Thr. 
 
Taxonomic and functional diversity of tide pool, sea, and freshwater 
metagenomes 
 Based on the results of cluster analysis, we calculated the Shannon-Wiener diversity 
index (H') for each profile (Fig. 4). Regarding species profiles, Group 2 (MES) had the highest 
index value among groups formed by cluster analysis (4.34 ± 0.17, p < 0.05); however, no 
differences between groups were found regarding functional profiles. All functional diversity 
indices were greater than their respective species diversity indices (p < 0.05) (Fig. 4). 
 
Fig. 4. Taxonomic and functional diversity indices of tide pool metagenomes compared with those of 
seawater and freshwater metagenomes. Diversity indices were calculated using R software and the vegan 
package. The plot was based on the Shannon–Wiener index (H') for taxonomic and functional profiles (species 
and SEED level 3 classification, respectively) for each group based on SEED level 3 cluster analysis. The index 
values from all groups analyzed (both profiles) were compared by factorial ANOVA (p < 0.05), followed by the 
Tukey post hoc test. Groups with the same lower letter did not differ significantly inside each profile. Groups with 





Comparison of tide pool, sea, and freshwater metagenomes 
 Based on the results of cluster analysis, we compared Group 1 (tide pool group) with 
other groups and with tide pool metagenomes that were not clustered at SEED level 1 or level 
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3 classification (Figs. 5 and S4–S7). Compared with Group 2 (MES) (Fig. 5A), Group 1 had 
more sequences assigned to the membrane transport (p < 0.05), virulence (p < 0.05), and 
motility and chemotaxis (p < 0.05) categories, whereas Group 2 had more sequences assigned 
to the amino acids and derivatives (p < 0.05), nucleosides and nucleotides (p < 0.05), and 
secondary metabolism (p < 0.05) categories. A comparison of Group 1 and Group 2 (S4 Fig.) 
showed that categories more abundant in Group 1 were sodium hydrogen antiporter (p < 0.05), 
biogenesis of cbb3-type cytochrome c oxidases (p < 0.05), DNA-binding regulatory proteins, 
strays (p < 0.05), alkylphosphonate utilization (p < 0.05), ectoine biosynthesis and regulation 
(p < 0.05), universal stress protein family (p < 0.05), curli production (p < 0.05), seqA and co-
occurring genes (p < 0.05), tetrathionate respiration (p < 0.05), glutathionylspermidine and 
trypanothione (p < 0.05), and Pseudomonas quinolone signal (PQS) (p < 0.05). Compared with 
Group 3 (DCM and SRF) (Fig. 5B), Group 1 had more sequences assigned to the membrane 
transport (p < 0.05), stress response (p < 0.05), virulence (p < 0.05), and motility and chemotaxis 
(p < 0.05) categories, whereas Group 3 had more sequences assigned to cell wall and capsule 
(p < 0.05), nucleosides and nucleotides (p < 0.05), phages, prophages, transposable elements, 
plasmids (p < 0.05), transcriptional regulation (p < 0.05), and secondary metabolism (p < 0.05) 
categories. Regarding SEED level 3 categories (S5 Fig.), Group 1 had more sequences assigned 
to cobalt-zinc-cadmium resistance (p < 0.05), bacterial chemotaxis (p < 0.05), copper 
homeostasis (p < 0.05), bacterial hemoglobins (p < 0.05), nitrate and nitrite ammonification (p 
< 0.05), lipopolysaccharide assembly (p < 0.05), type IV pilus (p < 0.05), type VI secretion 
systems (p < 0.05), general secretion pathway (p < 0.05), orphan regulatory proteins (p < 0.05), 
and DNA repair, bacterial RecBCD pathway (p < 0.05). 
 
Fig. 5. Comparative analysis (SEED level 1 classification) of tide pool metagenomes with seawater and 
freshwater metagenomes. A) Tide pool (Group 1) versus MES (Group 2). B) Tide pool versus DCM and SFR 
(Group 3). C) Tide pool versus Paraguaçú River (Group 4). Samples were compared by Welch's t-test (p < 0.05), 
asymptotic confidence intervals (95%), and Bonferroni correction in STAMP software [11]. Level classification 
labels with small effect sizes were removed by filtering (difference between proportions < 1.0 or ratio of 




 A comparison of Group 1 with freshwater metagenomes (Group 4) at SEED level 1 (Fig. 
5C) showed that Group 1 had more sequences assigned to the membrane transport (p < 0.05), 
stress response (p < 0.05), motility and chemotaxis (p < 0.05), iron acquisition and metabolism 
(p < 0.05), and dormancy and sporulation (p < 0.05) categories, whereas Group 4 had more 
sequences assigned to the cofactors, vitamins, prosthetic groups, pigments (p < 0.05), cell wall 
and capsule (p < 0.05), and predictions based on plant-prokaryotes comparative analysis (p < 
0.05) categories. Regarding SEED level 3 categories (S6 Fig.), Group 1 had more sequences 
assigned to the Ton and Tol transport systems (p < 0.05), bacterial chemotaxis (p < 0.05), Na 
(+)- translocating NADH-quinone oxidoreductase and rnf-like group of electron transport 
complexes (p < 0.05), bacterial hemoglobins (p < 0.05), type VI secretion systems (p < 0.05), 
lipopolysaccharide assembly (p < 0.05), DNA repair, bacterial RecBCD pathway (p < 0.05), 
and denitrification (p < 0.05) categories. 
  
Discussion 
 The most abundant species in the tide pool metagenomes belonged to the class 
Gammaproteobacteria. The three most abundant species (Alteromonas macleodii, 
Pseudomonas stutzeri, and Glaciecola psychrophila) are commonly associated with stressful 
environments. A. macleodii is frequently detected in marine environments, mainly the DCM 
and MES layers [30]; however, A. macleodii has also been detected in surface layers [31], which 
has conditions similar to those found in tide pools. Ivars-Martinez et al. suggested that the 
presence of the photolyase gene in A. macleodii could be related to high sunlight exposure [31]. 
P. stutzeri is a species known for its denitrifying potential [32,33]. Moreover, this species is 
able to grow in environments with low oxygen concentrations, which allows P. stutzeri to fix 
nitrogen [34]. G. psychrophila, which was first isolated from sea-ice samples, was proposed as 
a new species because its physiology differed from that of other Glaciecola species [35]. The 
G. psychrophila genome was published recently [36], but no extensive studies about this new 
species have yet been published. However, G. psychrophila does not show the ability to reduce 
nitrate [35].  
 Sequences belonging to the categories carbohydrates, amino acids and derivatives, and 
protein metabolism are important for nutrient utilization, which may explain why they are the 
most abundant categories; however, the membrane transport and motility and chemotaxis 
categories seem more important to tide pool microorganisms. Tide pools are disconnected from 
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the ocean for extended periods during low tide, which increases sunlight exposure and decreases 
nutrient levels. Sunlight increases the evaporation of tide pool water, thereby increasing Na+ 
concentration. The sodium hydrogen antiporter plays a role in cell homeostasis, pH regulation, 
and osmoregulation by removing excess Na+ from the cell to the extracellular environment [37]. 
Fernández et al. reported that metagenomes from hypersaline environments demonstrate C and 
N cycling capacity, the use of light as an energy source by bacteriorhodopsins, and the potential 
to synthesize osmoprotective compounds such as glycine betaine, ectoine, and trehalose [38]. 
 Tide pool areas are good environments for biofilms, which may account for the 
abundance of sequences related to motility and chemotaxis. The curli protein, which enables 
adhesion, colonization, and biofilm production [39], was more abundant in the tide pool group 
than in the other groups. In stressful environments such as tide pools, chemotaxis is extremely 
important for microorganisms. The Pseudomonas quinolone signal (PQS), which was also more 
abundant in the tide pool group, mediates the delivery of antimicrobials and toxins and DNA 
transport, and may improve survival upon challenge with stressing agents [40,41]. Although 
PQS enhances DNA fragmentation, this compound also increases fitness under UV radiation 
[42]. Häussler et al. suggested that the DNA fragmentation could act as a sensor for stressful 
conditions to stimulate DNA repair machinery [42].  
 In oxygen-poor environments, microorganisms have several specialized features. Some 
sulfur microorganisms (e.g. Thioploca spp.) require nitrate to oxidize sulfide, and at low nitrate 
concentrations these sulfur microorganisms exhibit chemotaxis toward nitrate [43]. Tide pool 
microorganisms show a higher abundance of sequences related to bacterial hemoglobins and 
biogenesis of cbb3-type cytochrome c oxidases. Bacterial hemoglobins are associated with 
oxygen limitation and oxidative/nitrosative stress [44]. Cbb3-type cytochrome c oxidases are 
copper-dependent enzymes that are crucial for the onset of many anaerobic biological 
processes, such as anoxygenic photosynthesis or nitrogen fixation [45,46].  
 Another indicator of stressful conditions is the presence of universal stress protein 
(USP) genes. USP genes are induced under conditions of nutrient starvation, drought, high 
salinity, extreme temperatures, and presence of toxic metals [47,48]; however, the mechanisms 
by which USP allows organisms to cope with these environmental stressors remain unclear. 
Gustavsson et al. showed that USP has an important role in protection against ultraviolet (UV) 
irradiation [49], which may be an important feature for survival in bright environments.  
 102 
 Nitrogen, which is limiting nutrient in several marine ecosystems [50], was a factor 
differentiating the tide pool group from the DCM and SFR group. The gene encoding 
dissimilatory nitrite reductase and genes involved in nitrate and nitrite ammonification, 
denitrification, and nitrosative stress were more abundant in the tide pool group. Although tide 
pools can be disconnected from the ocean for long periods of time without its supply of 
nitrogen, some tide pool invertebrates excrete ammonium, which can be used as a nitrogen 
source [51,52]. Prister showed that even in tide pools emergent for hours, the presence of 
mussels, crabs, fish, limpets, and invertebrates can prevent nitrogen limitation [10]. Several 
steps of the marine nitrogen cycle are mediated by bacterial chemotaxis, such as nitrogen 
fixation, nitrification, and denitrification [43,53,54].  
 Arsenic is readily detected in many marine environments [55]. Its sources include 
leaching from soil and rocks [56] and active ridges that release arsenic from the inner Earth 
[56]. Algae in superficial water layers can accumulate arsenic and are involved in arsenic 
cycling [57,58]. Although researchers have studied arsenic-resistant microorganisms [56,59], 
their role in arsenic recycling remains unclear. It is likely that arsenic and other heavy metals 
(e.g. cobalt, zinc, and cadmium) are more concentrated in tide pools because of evaporation. 
 Although functional diversity was similar between environments in our study, the 
relative gene abundances differed. Nutrient scarcity is an important factor influencing species 
composition and abundance [50]. Previous studies reported that the same clusters were 
identified by PCA whether taxonomic or functional profiles were used [60,61]; however, other 
studies showed that environments shape communities regarding functional content, particularly 




 Tide pools represent unique environments characterized by nutrient starvation, 
hypersalinity, and bright sunlight throughout the day when they are isolated from the sea. This 
type of environment is more influenced by weather variations than large environments (e.g. 
forest, sea). These weather variations may play a crucial role in determining community 
structure, particularly regarding the functional profile. Genes related to stress conditions, 
communication between microorganisms, and homeostasis of metals and sodium are more 
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abundant in this stressed environment compared with the other metagenomes analyzed in this 
study (especially several seawater metagenomes), suggesting a strong selection for these 
features in the tide pool environment. Moreover, almost all tide pool metagenomes were 
clustered based on functional profiles (SEED level 3), but no consistent tide pool cluster was 
observed based on species profiles. This finding suggests that the influence of this environment 
on its microbial community involves functional content more than species composition.  
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S2 Fig. Species cluster analysis of tide pool, seawater, and freshwater metagenomes. Cluster analysis of the 
relative abundances of species in each profile by Euclidian distance, UPGMA algorithm, and bootstrap of 




S3 Fig. SEED level 3 cluster analysis of tide pool, seawater, and freshwater metagenomes. Cluster analysis 
based on the relative abundance of SEED level 3 classifications of each profile by Euclidian distance, UPGMA 
algorithm, and bootstrap of 1,000,000 in R statistical software using the “pvclust” package. Only clusters with 
bootstrap values > 90% were selected. 
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S4 Fig. Comparative analysis of functional content (SEED level 3) of tide pool metagenomes (Group 1) 
against MES seawater metagenomes (Group 2). Samples were compared by Welch’s t-test (p < 0.05), 
asymptotic confidence intervals (95%), and Bonferroni correction in STAMP software [11]. Level classification 
labels with small effect sizes were removed by filtering (difference between proportions < 1.0 or ratio of 
proportions < 4.00). All outliers were removed from these analyses. 
Figure available only online. 
 
S5 Fig. Comparative analysis of functional content (SEED level 3) of tide pool metagenomes (Group 1) 
against DCM and SRF seawater metagenomes (Group 3). Samples were compared by Welch’s t-test (p < 0.05), 
asymptotic confidence intervals (95%), and Bonferroni correction in STAMP software [11]. Level classification 
labels with small effect sizes were removed by filtering (difference between proportions < 1.0 or ratio of 
proportions < 4.00). All outliers were removed from these analyses. 
Figure available only online. 
 
S6 Fig. Comparative analysis of functional content (SEED level 3) of tide pool metagenomes (Group 1) 
against Paraguaçú River freshwater metagenomes (Group 4). Samples were compared by Welch’s t-test (p < 
0.05), asymptotic confidence intervals (95%), and Bonferroni correction in STAMP software [11]. Level 
classification labels with small effect sizes were removed by filtering (difference between proportions < 1.0 or 
ratio of proportions < 4.00). All outliers were removed from these analyses. 










Name Location Sample Observation 
Lopes et al. (2016) Freshwater Paraguaçú River Bahia, Brazil P3_Wet_1 Wet season 
    P3_Wet_2 Wet season 
    P3_Dry_1 Dry season 
    P3_Dry_2 Dry season 
Sunagawa et al. (2015) Seawater Pacific Ocean Pacific Equatorial Divergence Province TARA_102_DCM DCM  
    TARA_102_MES MES 
    TARA_102_SRF SRF 
   Chile−Peru Current Coastal Province TARA_109_DCM DCM  
    TARA_109_MES MES 
    TARA_109_SRF_1 SRF 
    TARA_109_SRF_2 SRF 
   North Pacific Subtropical and Polar Front Provinces TARA_132_DCM DCM  
    TARA_132_MES MES 
    TARA_132_SRF SRF 
   North Pacific Subtropical and Polar Front Provinces 2 TARA_133_DCM DCM  
    TARA_133_MES MES 
    TARA_133_SRF SRF 
   North Pacific Equatorial Countercurrent Province TARA_137_DCM DCM  
    TARA_137_MES MES 
    TARA_137_SRF SRF 
   North Pacific Equatorial Countercurrent Province 2 TARA_138_DCM DCM  
    TARA_138_MES MES 
        TARA_138_SRF SRF 
DCM, deep chlorophyll maximum layer; MES mesopelagic zone; SRF, surface water layer 
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S2 Table. Relative species abundance in tide pool, seawater and freshwater metagenomes. Taxonomic 
profiles were generated by FOCUS v.0.29 against all completed genomes of the RefSeq database using default 
parameters. 
Table available only online. 
 
S3 Table. Relative abundance of functional categories in tide pool, seawater, and freshwater metagenomes. 
Functional annotation was performed using SUPER-FOCUS v.0.25 against the SEED database using RAPSearch2 
aligner and default parameters. 





















 Os resultados apresentados nesse presente trabalho foram importantes para descrever a 
microbiota em ambientes aquáticos, até então, inéditos. Ambos resultados foram os primeiros 
estudos metagenômicos para cada ambiente. Apesar de ambos os ambientes possuírem um 
grande potencial biotecnológico, não haviam trabalhos para o rio Paraguaçú, rio que possui 
grande parte de seu curso na Caatinga, e para as poças de maré, ambiente que sofre com a 
escassez de nutrientes e outros fatores. 
 Em ambos os trabalhos desenvolvidos foi possível observar a influência do ambiente 
sobre a microbiota, atuando sobre o potencial funcional da comunidade microbiana. Genes 
vinculados a condições adversas foram observados em situações de stress nutricional, 
luminosidade, aumento na concentração de íons em geral. Por exemplo, no rio Paraguaçú foi 
possível observar uma maior abundância de genes relacionados à degradação de pesticidas 
(como o Benzoato), enquanto nas poças de maré foi possível observar uma maior abundância 
de genes relacionados à tolerância a ambientes com alta concentração salina. Assim, esses 
ambientes selecionam seus habitantes pelo seu recurso funcional, e não pela espécie em si.  
 Novos estudos devem ser realizados para ambos ambientes. Para o estudo realizado no 
rio Paraguaçú ainda é necessário investigar quais são as funções das proteínas desconhecidas, 
categoria mais abundante entre as demais do nível 1 do banco de dados do SEED. Além disso, 
genomas serão montados a partir de metagenomas. Em relação ao estudo nas poças de maré, 
será realizado um estudo de metatranscriptoma para diferentes períodos, assim, podendo 
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Summary 
One of the main goals in metagenomics is to identify the functional profile of a microbial 
community from unannotated shotgun sequencing reads. Functional annotation is important in 
biological research because it enables researchers to identify the abundance of functional genes 
of the organisms present in the sample, answering the question, "What can the organisms in the 
sample do?" Most currently available approaches do not scale with increasing data volumes, 
which is important because both the number and lengths of the reads provided by sequencing 
platforms keep increasing. Here, we present SUPER-FOCUS, SUbsystems Profile by databasE 
Reduction using FOCUS, an agile homology based approach using a reduced reference 
database to report the subsystems present in metagenomic datasets and profile their abundances. 
SUPER-FOCUS was tested with real metagenomes, and the results show that it accurately 
predicts the subsystems present in the profiled microbial communities, is computationally 
efficient, and up to 1,000 times faster than other tools. SUPER-FOCUS is freely available at 
http://edwards.sdsu.edu/SUPERFOCUS. 
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